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Goddard Space Flight Center Greenbelt Ma^la d T Batte,y Worksho P held at 
workshop attendees included' mantSSur^^ 0 ^ 6 " 1 ^ ^ 198a 7,16 
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reliability operations and ; aeros^ >1 te ° hnolo M as they relate to high 
testing methodologies and criteria lifa to Ct - 8 sub / ects covered included battery 

operation of nickel-hydrogen batteries in low 9 earth ICk h : t Cadl ^' Um Cel ' S ’ t6Stin9 and 
technology issues and concerns earth ° rb,t ’ and nicl <el-hydrogen 
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INTRODUCTION 


Thomas Y. Yi 

Goddard Space Flight Center 


I would like to thank you for your continuing interest in the annual NASA Battery 
Workshop. We sincerely hope that the 1988 Workshop was as informative and 
enlightening as the past Workshops. 


The first day was devoted to the presentations and discussion by the task groups that 
were formed this summer at the NASA sponsored Nickel-Cadmium Gates Cell 
Mini-Workshop at the Marshall Space Flight Center addressing recent test failures of 
the Gates Aerospace Batteries nickel-cadmium cells. Seven different task groups 
reported at the 1988 Workshop with the goal of improving the reliability of the 
aerospace nickel-cadmium cells. The task groups reported on 1) uniformity of the 
tests; 2) uniformity of the destructive physical analyses; 3) separator test and criteria; 
4) plate issues; 5) future cell design; 6) evaluation of the on-ground life cycle data; and 
7) quality oversight. I want to thank and congratulate the task group members for 
their effort and work in bringing their findings to the aerospace battery community. 

The workshop continued with the NiCd session in the second morning with 
presentations on the nickel-cadmium cell/battery life testing. The 1988 Workshop 
was concluded with a full day's worth of presentation on the nickel-hydrogen 
cell/battery technology, covering simulated life cycle testing, component discussions, 
and current issues /concerns. 

We would like to thank all the people that helped making the 1988 Workshop a 
success. We would like to thank the attendees, presenters, session chairmen and 
especially the task team members for the time and effort they have put in, for 
making the Workshop an active forum for discussion of aerospace cells and batteries. 
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Aerospace Batteries 
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Autonomous Gates Aerospace Batteries 
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Inspection Leader 
|e Inspectors 
Source Inspector 
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Centralized Quality: 



Calibration Lab 
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• Inspectors 
Source Inspector 




Centralized Quality: Gates Energy Products 



November 1-3, 1988 


19 


Manager, Quality 
Engineering, Elec. 
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Status: Method C: 
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Close Out: Entire Customer Base Must Approve 
“Charter Document: 
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10/2/88 . /oo 

(2) Source Inspection by 12/31/88 



President 

GATES ENERGY PRODUCTS 
R. H. Shiley 
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2 Testers 
Maintenance 
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Conclusion 
Major Changes 
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G.A.B. Will Institute Source Inspection 
New Test Unit Will Resolve Their Issues 
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Summary of Cells Investigated 
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46 Cells from Rolls 1-5LR037 



Summary of Results from Tests 
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Cells with Poor Separator Strength (All 2505 



Summary of Results (Continued) 
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- 3 Cells with Excess Cadmium Migration 

- 5 Cells with Poor Separator Strength 

- 7 Cells with Overcharge Factor < 4.0 



Separator Comparison 

2505 ml 2536 
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- More Than 6 Seasons in GEO Completed (Real 



Qualification Tests of 
2536 Separator 
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- Shorts in Both Types of Separator Cells 

- Remaining Cells Performing Well 



Qualification Tests of 
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Seasons 
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Existing Cells Using 2536 Separator 
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Be Maximized While Maintaining Adequate -/ + Ratio 



New Separator Program 
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Both Current 2536 and New 



Separator Evaluation Program 

Design Parameters 
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Short Term Evaluation Test to Be Used 



Separator Evaluation Program 

Test Program 
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At 1000 Cycles Remove One Cell of Each and Do 
Complete DPA/CMA to Examine Separator and 

Plate Changes 



Qualification Testing 
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GAB Wants to Work with Customers to Satisfy Needs 
and Provide Reliable Products 



Total 

Customer 

Satisfaction 


PRIORITY ONE 

MEMORANDUM 


DATE: 

October 27 > 1988 



TO: 

lGlenn_Klein 

FROM: 

Gregg Brandyberry 

RE: 

Position Statement 




In response to our discussion of October 24th, 1988, I thought it would be 
appropriate to provide Gates Aerospace Battery with a position statement 
detailing the philosophical and structural quality changes currently 
transpiring within Gates Energy Products, Inc. 


POSITION STATEMENT 

Gates Energy Products, Inc. is committed to supplying Gates Aerospace 
Battery with highly consistent plate product through cost efficient quality 
manufacturing. That is; providing our valued customer with: 

The Right Quantity... 

At The Right Time... 

Of The Right Quality... 

For The Right Cost... 

This will be achieved by the development and implementation of a three fold 
process . 

I. Restructuring of the Formal Quality Entity 

All quality functions including a) purchased material control, 
b) process/product audit, c) process (PKQC) engineering, d) product 
test labs, and e) customer support services now report to the Manager 
of RiCd Quality; a staff position reporting directly to the vice 
President of Manufacturing. This structure will elicit a broadbased , 
yet focused, quality system providing product/process maintenance, 
continuous improvement and cultural direction to insure that leading 
edge quality/manufacturing is inherent in the 1990 s and beyond* 
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II. Full Implementation of Traditional Quality System 

Policies and procedural documentation will be developed and implemented 
where substandard in the quality system elements of: 

a. Purchased material control 

b. Supplier surveillance 

c. Specifications change and control 

d. Gauge calibration and gauge E&R evaluation 

e . Process /product instructions and inspection procedures 

f. Control of non-conforming product 

g. Problem identification and resolution 

h. Final test and audit 

i. Lot control/traceability 

III. Implementation of "Preventative Manufacturing Quality Control 
Philosophy (PMQC) 

Preventative Manufacturing Quality Control is a philosophy/culture 
developed to support a manufacturing system which allows both quality 
and productivity to occur with balanced equivalence. 

In theory, PMQC integrates both manufacturing and quality into one 
homogeneous system. PMQC is extremely production operator oriented and 
includes all "preventative" manufacturing techniques used to control 
and/or verify production processes. PMQC techniques include: 

a. Advanced quality planning 

b. Failures mode effects analysis 

c. Statistical process control 

d. Design of experiments 

e. Cause/effect problem analysis 

f. Process syntaxtics 

PMQC involves continually analyzing an entire manufacturing structure, 
identifying "pressure points" at which potential failures could occur, 
and implementing preventative process controls at these pressure 
points" to prevent the occurrence of non— conformance. 

PMQC is driven by the process engineering function. PMQC reduces the 
need for traditional "after the fact" inspection programs. True PMQC 
techniques meet the following criteria: 

a. Does not hinder production 

b. Is based upon prevention 

c. Does not create inspection ques 

d. Is operator oriented (some exceptions) 

e. Identifies and resolves root causes of non-conformance 

This summary, while not all inclusive, provides a brief outline of the 
future direction of the NiCd Division Quality Program. 
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I am convinced that adherence to this program will result in 
continuous improvement of process variability and ultimately 
performance . 


RGB/kdg4 

cc : Paul Hinkson 

Mike Harrison 


ongoing 
produc t 
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SESSION I 


TASK GROUP PRESENTATION & DISCUSSION 


Chairman: G. Halpert, JPL 
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STRAWMAN DEFINITION OF AN AEROSPACE QUALITY CELL 
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UNIFORMITY OF TEST 
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Lead: D. Maurer/AT&T , 

Members: C. Lurie/TRW, R. Kientz/GEP, C. Koehler /Ford , 

H. Thierf elder /GE-VF 
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MFfiSAfiE FOR PROJECTS 
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NOVEMBER 1, 1988 



UNIFORM CORE TESTS AND 
ACCEPTANCE TEST QUALITY 


November 1-3, 1988 
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OBJECTIVES ; Develop a common acceptance test procedure 

and associated quality instructions which can 
be agreeable to all cell users and manufacturer 
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Additional tests may be required for certain 
missions. 
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ATP 436 ATP 51 4 A ATP 914 ATP 919 
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PRESENT CRITERIA/TOLEPANCES IN THE ATPs 
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5) Depository of All Data 

• e.g., ATP data at GAB, Other data at Crane (?) 

• Data to be available for all; data not identified by program 



ACCEPTANCE TEST QUALITY 
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Uniform DPA Committee - Report 



November 1-3, 1988 


75 



Uniform DPA Committee - Report 



76 


NASA/GSFC Battery Workshop 


Interim Recommendations 



PROPOSED DEFINITION OF "DPA" FOR BATTERY CELLS 
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PROPOSED NEAR-TERM OBJECTIVES 
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PROPOSED LONGER-TERM OBJECTIVES 
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SET LIMITS FOR INDIVIDUAL COMPONENTS 
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STANDARDIZE PROCEDURES FOR MEASURING THICKNESS 
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November 1-3, 1988 


EVALUATE RETENTION UNDER COMPRESSION 
EXPRESS RETENTION AS (GRAMS KOH)/AREA 
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SPECIFY SOLUTION AND TEMPERATURE 
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FOLLOWING EXPOSURE RINSE SAMPLE WITH FRESH WARM 
KOH TO LEACH REACTION PRODUCTS 




POWER TECHNOLOGY DIVISION NASA 

Lewis Rosearch Center 
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EXPOSURE TO 70 DEG KOH MUST BE DONE WITHOUT 
EXPOSURE TO AIR FOR REPRODUCIBLILIY 
FOLLOWING EXPOSURE RINSE SAMPLE WITH FRESH WARM 
KOH TO LEACH REACTION PRODUCTS 
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UNCOMPRESSED 

POROSITY, PORE SIZE DISTRIBUTION 
BUBBLE PRESSURE 
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TASK GROUP PRESENTATION: 
4. PLATE ISSUES TASK TEAM 


(NOT SUBMITTED) 


DEAN MAURER, AT&T BELL LABS 
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NASA TASK FORCE — FUTURE Ni-Cd CELL DESIGN 


TEAM MEMBERS 

S. Gross 
L. Thaller 
D. Pickett 
L. Tinker 
D. Maurer 
G. Halpert 
G. Methlie 
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OBJECTIVE 


Recommend promising approaches for development of 

ADVANCED Nl-CD CELL TECHNOLOGY. 


LEO 

GEO 


10 

YEARS, 

30% 

D0D 

7 

YEARS, 

35% 

D0D 

20 

YEARS, 

60% 

00D 

15 

YEARS, 

75% 

D0D 


Cell Size: 

1) Same as standard 50 AH cell 

2) New size cell 
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RECOMMENDATIONS 


MANUFACTURING FACILITY 
SEPARATOR 

NICKEL POSITIVE ELECTRODES 
CADMIUM NEGATIVE ELECTRODES 


120 


NASA/GSFC Battery Workshop 



MANUFACTURING FACILITY 


Complete control, incoming materials to finished cells 
o All steps 

o All materials and processes 
o Major improvements over present controls 
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SEPARATOR 


NYLON DISALLOWED 

USE SEPARATOR DEMONSTRATED TO BE EXCELLENT FOR Ni-Cd 

o Wettability 
o Electrolyte retention 
o Handlability 
o Suitable density 
o Suitable porosity 
o Additive-free 

MAIN CANDIDATES 

0 ZlRCAR + PBI 
0 ZlRCAR + POLYSULFONE 
o Polypropylene-based + PBI 
o Advanced polypropylene-based 
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NICKEL SINTER FOR NICKEL ELECTRODE 


SLURRY OR DRY POWDER 

o Mean pore size 12-13 microns 
0 < 5% GREATER THAN 50 MICRONS 

0 < 5% LESS THAN 3 MICRONS 

o Sinter porosity 87-90% 
o Substrate - open 
0 3 POINT BEND TEST, 550 +/- 50 PSI 

0 No COMPRESSION OR SIZING, COINING ONLY 

o Aqueous impregnation: 

o Passivation required 
o Time and temperature controls required 
o Must pass corrosion test, 15 min at 325oF, 
Cd(N03)2 bath, meet min and max requirements 
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NICKEL ELECTRODE 


ELECTROCHEMICAL IMPREGNATION, AQUEOUS OR ALCOHOLIC METHOD 

o Loading range 1.7 +/- 0.1 g/cc void 
o Loading control +/- 0.05 g/cc void 
0 Co (OH) 2 — 7 TO 10%, CONTROLLED TO +/- 1% 

0 No SIZING 
o Formation 

o 60oC 

O 5C CHARGE AND DISCHARGE 
0 120% OVERCHARGE 

o Utilization 

o Flooded capacity 

O 100% BASED ON THEORETICAL LOADING 
O C/5 CHARGE, C/2 DISCHARGE 
o Stress Test 

o 25oC 

O 10C RATE CHARGE/DISCHARGE 
O 100% OVERCHARGE, 100% OVERDISCHARGE 
O 200 CYCLES 

O No MORE THAN 1% SMELLING 
O NO MORE THAN 3.5% BLEMISHES 

O NO LOSS IN CAPACITY COMPARED WITH FIRST CYCLE 
WITH C/5 CHARGE TO 120%, C/2 DISCHARGE 
TO 1.0 V, 25oC 
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NICKEL SINTER FOR CADMIUM ELECTRODE 


SLURRY OR DRY POWDER 

o Thickness 30 mils max (28-30 mils typical) 
o Pore size distribution similar to Ni electrode 
o Max C rate current density: 5 mA/cm2 per interface 

o Substrate: open 

O No COMPRESSION OR SIZING 

o Passivation required 

o Must pass corrosion test, same as for Ni 
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CADMIUM ELECTRODE 


ELECTROCHEMICAL IMPREGNATION 

o Load 1.8-1. 9 grams Cd(0H)2 per cc void, control to 0.08 

O No COMPRESSION, NO SIZING 

o Formation: same as Ni electrode 

o Utilization 

o 80% using C/5 charge and discharge 
o Discharge to 0.0 V vs Hg/Hg0 
o Stress test required (TBD) 
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MISCELLANEOUS 


o Capacity -- 50 AH nominal 

o Negative/positive ratio -- 2.0 on theoretical basis 
o Dimensions 

O Nl ELECTRODE THICKNESS DERIVED FROM ABOVE DATA 

o Interelectrode spacing -- 9 to 11 mils 
o Case wall >> 19 mils 
o Electrolyte fill 

o Volume basis with pressure adjustment 
o 31% KOH 
o No Li (OH) 

o Cell Seal -- either ceramic, Zeigler, or Stadnick seal 
o Core Wrap 

o If polypropylene is use, bag Ni electrodes 
o If Zircar/PBI is used: 

o Must be in sheet form 
o Should have 5 mil polypropylene liner 
o Should extend to bottom of can 
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TASK GROUP 6 CHARTER 


TASK 1: Scoping Tasks for Evaluation of NWSC Data 

TASK 2: Recommendations on Near-Term Actions for Ni-Cd Cell Design 

As I understand from Dr. Jerry Halpert's letter and subsequent 
discussions with and the other task force leaders, our present job assignment 
is to scope out the work we think needs to be done . We are not expected to 
actually do the work now! 

We are to do the following: 

A. Define the objectives. 

B. Itemize specific operations to be done. 

C. Identify specific steps or techniques to be used. 

Also point out steps or techniques that require 
additional study. 

D. Prioritize the steps, and list the minimum required 

to achieve the task force objectives. 
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TASK FORCE GROUP 6 - EVALUATION OF NWSC 


DATA, AND RECOMMENDATION OF NEAR-TERM DESIGN FIXES 


TASK LEADER PHONE # 


Bill Billerbedc, MRJ 

(703) 

385-0742 

(703) 

385-4637 

MEMBERS 

George Morrow/GSFC 

(301) 

286-6691 

(301) 

286-9214 

Chris Garner/NRL 

(202) 

767-9075 

(202) 

767-1718 

Steve Gaston/GE-EW 

(609) 

426-2559 

(609) 

426-3963 

Don Mains/NWSC 

(812) 

854-1299 

(812) 

854-1212 

Karla Clark/JPL 

(818) 

354-9033 

(818) 

393-6951 

Lawrence Tinlcer/Gates 

(904) 

462-4715 

(904) 

462-6871 

w/4*i ^fc//#x<t/Aerospace 

(213) 

336- 

(213) 

336- 7osr 
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OUTLINE - TASKS FOR EVALUATION OF DATA FROM Ni-Cd 


SEPARATOR QUALIFICATION TESTS AT NWSC - 21 September 1988 


Task A. Update and improve the data base. 

1. Update the data summaries - Latest NWSC cycle data 

• Gates OPA data 
- Gates separator lot analysis, 
electrode lot analysis, and ATP 
data 

2. Collect data on key design features of each of the cells-Ag 
or teflonated negative, positive loading, quantity of cobalt 
and cadmium in the positive, gas passivation, electrolyte 
quantity, lightweight or low profile can, etc.* 

3'. Enhance the data base - Clearly identify changes made in condi- 
tions during cycling period. Also obtain individual cell voltage 
plots just prior to failure, and/or just prior to pulling cell 
for DPA. 

4. Publish the data base - compile the summaries of key character- 
istics, cyclic test results, and related DPA analyses in report 
form. 

5. Flag any data that is questionable or invalid due to testing 
difficulties. 


Task B. Analyze the data in more detail. 

1. Plot up the updated cycle data obtained in this set of tests 
in a summary plot vs. DOD. 

2. Compare the overall cyclic performance obtained in Crane tests 
of good Ni-Cd cells. Show averages and variability in the 
summary plot. 

3. Pinpoint the cells in this test which became negative limited, 
by reference to voltage-time plots and DPA data. 


♦NOTE: Include plaque sintering time and temperature, type of powder, 

electrolyte quantity, etc. 
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Task B (con't) . 


4. Try to understand why these cells became negative limited. Check 
precharge. Examine the specific lot history of separator used* 
Did it degrade more rapidly than normal? 

5. Pinpoint the cells that had soft or hard shorts, by reference to 
voltage-time plots and DPA data. 

6. Try to understand why these cells went short. Evaluate elec- 
trolyte quantity. Examine their specific reconditioning history. 
Is more reconditioning recommended to avoid soft shorts? Were 
negatives teflonated? Cadmium migration patterns? Any other 
metal in the separator? Did they fail by separator dryout? 


Task C. Summarize and publish the key results of the data analyses in report 

form. 

1. If any "dry stored" old lot cells of the same P.N. are available, 
should they be filled, and added as control samples? Also, 
recommend specific new samples for Inclusion in NWSC tests, if 
needed. 

2. Consider whether there are any major holes in the data which 
could benefit from the addition of new test regimes or new test 
samples. 

3. Include "lessons learned" and recommendations resulting from 
them regarding the planning and execution of future tests. 


2 - 
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OUTLINE - TASK OF RECOMMENDING NEAR-TERM 


ACTIONS FOR Ni-Cd CELLS 


Task A. Map out logical courses of action based on a careful analysis of 
the NWSC cyclic performance data, as described in the data evalua- 
tion task. 

Task B. Define alternatives. Some possibilities might include: 

- One solution would be to "peel -back" as many of the design 
changes as possible made over the last 5 years. The intent 
is to go back to a design which all customers were very satisfied 
with In regard to Its long term performance. Hopefully that 
leaves only one change - the separator material. Then either the 
use of acceptable stored Pellon 2505 or acceptable 2536, provided 
it can accommodate a minimum electrolyte quantity of 3 cc/ rated 
A.H. In a finished cell (the old established rule), is suggested. 

- Freeze the design for the short term until more research is done. 
NASA std. cell performance with 2536 Pellon separator appears 
acceptable for GEO and for some LEO applications. 


- Continue production with 2536 separator; adding tests for 
separator oxidation, and ensuring that electrolyte quantity 
exceeds some specified value. 

- Continue production; improve QA based on recommendations from QA 
task group, and adding tests for separator oxidation, ensuring 
that electrolyte quantity exceeds some specified value. Also 
perform extended DPA analysis on one cell from each lot, incorpo- 
rating recommendations of DPA task group. 

- Suggest more extensive cell design changes based on results of 
additional analysis of qual tests. 

Task C. Recommend a short-term course of action for Ni-Cd cells from the above 
alternatives. Provide rationale demonstrating that this appears to 
be supported by analysis of all the existing NWSC and other pertinent 
data. 
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TASK GROUP 
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C. LAURIE, TRW 
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INTERRUPTED 



E. D. POSITIVE PLATE 



p 


p 
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Used in NiH2 Cells 




OMQINM. PAGE rs 
OF POOP QUALITY 


NASA/GSFC Battery Workshop 


SEVEN NiCd CELLS PEUVEREP CflTES 
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NASA/GSFC Battery Workshop 




100 A.H. Ni Cd CELLS 
CONDITIONING CYCLE #2 CHARGE 
2/24 TO 2/26/B8 
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EC09 NYLON 
EC08 ZIRCAR 
A007 NYLON 



100 A H. N1 Cd CELLS 
CONDITIONING CYCLE #2 DISCHARGE 
2/26/88 
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£C09 NYLON AH 
EC06 Z1RCARG1.1 AH 
AB07 NYLON 97.5 AH 















100 A.H. NiCd CELLS 
55 MINUTE DISCHARGE AT 54.3 A 
655 MINUTE CHARGE AT 25.0 A PLUS V/T #2 
20° C 50Z DOD 8/24/88 TO 8/26/88 
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100 A.H. NiCd CELLS 
72 MINUTE DISCHARGE AT 66.7 A 
1368 MINUTE CHARGE AT 25 A PLUS V/T ft 2 
20°C 80% DOD 10/21/88 TO 10/28/88 
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100 A.H. NiCd CELLS 




IFE TEST DATA UNDER 



November 1-3, 1988 


ORIGINAL PAGE I* 
OF POOR QUALITY 
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ovemoer 


- ELAN PROGRAM 


LEO TESTING: 

- X-80 TEST 


- ACC. HIGH DOD TEST 

GEO TESTING: 

- OTS REAL SIMULATION 
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NASA/GSFC Battery Workshop 



ELAN LOW EARTH ORBIT TESTING 

Joint ESA/CNES program on Ni-Cd 
12 cell battery assembly on cold plate 
18 SAFT Bat. (13 V024S.4 V040S3.1 VOS20B) 

1 G.E Bat. (22 Ah) 

Cycling profile derived from SPOT 
35mn discharge (last 10' at higher rate) 

65 min charge (VL(T) taperingl 

DOD : 10%, 20%, 30% k 40X 

COLD PLATE TEMP.: -5, +5, +15, +25 Deg.C 


November 1-3, 1988 


Battery 
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* ftrmli timing EVEEY 6 IOKBB 

After noeiml PCD, DC with 11 do un to 12V 
** Beccndtiticned at cycle 15081 
*+* Qde oo nft r tian c ha nge d art: cycle 1350 

ELAN PRCX3WH : TEST STATUS ON OCT. 24 thlS>M 
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DECIMAL HOURS 
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Y110A Aa311V8 


NASA/GSFC Battery Workshop 



BATTERY CURRENT 


ELAN Battery no. 15, boy no. 27 

Nominal Dod 30%, Nominal temp 15 dog c 

STARTING AT 30.09,88,21,41.46 (CYC 01 REP 15433) 

Typical cycle of top cell temperatures 



DECIMAL HOURS 
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AV. EOD CELL VOLTAGE 


8APT Nl-Cd ELAN LEO TESTING: 20 1 DOO 


1 . 150 



1. 1004 


1^ 05G4 

0 


i i i 1 r { i ■ "i ” i i pi > i ■■ i 1 ) 

10 15 20 

CYCLES C/1000) 
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AV. EOD CELL VOLTAGE 


8APT Nl-Cd ELAN LEO TESTING: 30X DOD 







+ -5C 

-r 



-+-+15C 

+15 V0S20B 


CYCLES C/1000) 
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NASA/GSFC Battery Workshop 




AV. EOD CELL VOLTAGE (V) 
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AV. EOD CELL VOLTAGE (V) 
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NASA/GSFC Battery Workshop 



AV. EOD CELL VOLTAGE (V) 
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ELAN LOW EARTH ORBIT TESTING 


Very good battery performance 

No failure observed 

Cycling at 40 % exceeds previsions 

Effect of reconditioning is substantial 


180 
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X-80 LEO LIFE TEST 


Initiated for an X-ray astronomy mission 
14 SAFT cell 23Ah battery 
35mn discharge, DOD ZZ% 

Const. I charge to a set volt. (61mn max) 
Battery in chamber at 10 deg.C 
Test started in Nov. 1981, still running 
32000 cycle achieved with no degradation 


November 1-3, 1988 
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AV. EOD CELL VOLTAGE (V) 
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NASA/GSFC Battery Workshop 


- NICd HIGH DOD ACCELERATED GEO TEST 


3 ex-ECSl 28 SAFT cell 18AH Bat. 
2 FM (V018S3), 1 EM (V018S) 
Batteries on same cold plate 
FM no. 6 : 100% DOD max 
FM no. 5 : 90% DOD max 
EM no.l : 70% DOD max 


November 1-3, 1988 
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NICd HIGH DOD ACC.GEO TEST CONDITIONS 

Eclipse season : 45 cycles 
-9 periods of 5 cycles of 24 hours 

-Disch.rate for DOD max at 5th period 

-C/10 charge to K=1.05 or back-up volt. 

-Trickle charge at C/200 to C/100 

Solstice shortened to 21 days 

C/5 capacity check after solstice 

Constant load (237.5 Ohms) reconditioning 

Base plate temperature : 5 Deg.C 


NASA/GSFC Battery Workshop 
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NASA/GSFC Battery Workshop 
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NfCd HIGH DOD ACCELERATED GEO TEST 


14 seasons already simulated (7 years) 
Very good battery performance achieved 
No capacity degradation observed 
Average cell voltage (V): 

1.095, 1.108, 1.165 for 100%,90%,70%DOD 
No adverse effect from test acceleration 

GEO NiCd at high DOD seems feasible 


NASA/GSFC Battery Workshop 



0TS”2 1 0y. REAL FLIGHT SIMULATION 

Lab test to mirror OTS-2 bat. operation 
Started 9/78, OTS-2 launched 5/78 
OTS-2 operational for 6.5y, hib. since 5/85 
28 V018S SAFT cell battery 
2-14 cell halves in 2 chambers(-Y/+Y sim 
DOD max : 50% for operat., 60% for hib. 
Charge C/10 to set K factor, Volt, back-up 
Solstice trickle from 8h to 24h a day. 

Av. Temperature through 10 years: 15 Deg.C 
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OTS-2 

VERNAL EQUINOX 1988 
DISCHARGE TIMES 
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Volt 




K-FvLctar 


USED K-FACTORS OVER 10 YEARS 

mid-eclipse periods 


-t 



+ I r 



i i 1 ! 


• r 

i i 


liras 



—■ *» mar8t m “ T " ™" 8S 
Fig. 7 . 
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OTS-2 LAB 

LOW RATE RECONDITIONING DATA 
BATTERY CAPACITIES 


Fig. 1 Reconditioning Capacities 
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NASA/GSFC Battery Workshop 


SAFT AEROSPACE DEPARTMENT NOV. 1988 



. 18 MILLIONS/CELLS/HOURS OF OPERA 




SAFT AEROSPACE DEPARTMENT NOV. 1988 



NASA/GSFC Battery Workshop 


13 MILLIONS/CELLS/HOURS OF OPERATION 




SAFT AEROSPACE DEPARTMENT NOV. 1988 
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SAFT AEROSPACE DEPARTMENT NOV. 1988 
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FI FPTRQLYTE 






SAFT AEROSPACE DEPARTMENT NOV. 1988 
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ELECTROLYTE 



SAFT AEROSPACE DEPARTMENT NOV. 1988 



5 
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SAFT AEROSPACE DEPARTMENT 








SAFT AEROSPACE DEPARTMENT NOV. 1988 









SAFT AEROSPACE DEPARTMENT NOV. 1988 
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ELAN 09.1986 24,8 38,5 24,5 N.A 30% 6000 N.A 














SAFT AEROSPACE DEPARTMENT NOV. 1988 






SAFT AEROSPACE DEPARTMENT NOV. 1988 
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APL LIFE TEST PROGRAM ON 


2505/2536 SEPARATOR 


(NOT SUBMITTED) 


L. GOLIASZEWSKI, APL 
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THE AEROSPACE CORPORATION 
EL SEGUNDO, CALIFORNIA 
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• CONCLUSIONS 


BACKGROUND 
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PREVIOUS REPORTS AT GSFC WORKSHOPS AND IECEC 


CELL BUILD INFORMATION 
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TEST MATRIX 



NOTE : 30 35 AH CELLS FAILED ACCEPTANCE TESTS 














LEO TESTS 
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RECONDITIONING 

V/T CHARGE CONTROL VARIATIONS 
CHARGE/DISCHARGE CURRENT RATE VARIATIONS 
MANUFACTURER SUGGESTED PACK STABILIZATION SEQUENCE 




> O J H < <0 Ui 
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o 9 ec GC U1 X H* 
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TIME JN HOURS 
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TIME IN HOURS 



RESULTS FROM LEO TESTS 
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LEO TEST SUMMARY 
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* 2536 50 AH CELLS NOT INCLUDED 



RESULTS OF DESTRUCTIVE 



I 
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•SYMPTOMS OF SEPARATOR OXIDATION 
•NO SEPARATOR STRENGTH 
•LOST 50% OF OVERCHARGE PROTECTION 


ULTS FROM GEO TESTS 
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SHADOW DAY 
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1.00 







ANALYSIS OF TEST RESULTS 
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CORRELATIONS OBSERVED 
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AU5/4/G5FC Battery Workshop 


NUMBER AND TYPES OF CORRELATIONS IMPLY MORE 
THAN ONE PROBLEM OR CAUSE 



NEW NICd CELL 
QUALIFICATION PROGRAM 






I 


I 
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STANDARD DESIGN 
LIGHT-WEIGHT DESIGN 

HUGHES ADVANCED DESIGN 



CONCLUSIONS 
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WILL INITIATE COMPREHENSIVE TEST PROGRAM TO CHARACTERIZE 
AND EVALUATE NiCd CELLS THAT ARE/WILL-SOON-BE AVAILABLE 

• CELLS FROM DIFFERENT MANUFACTURERS 

• ADVANCED AS WELL AS STANDARD DESIGNS 



SESSION III 


NICKEL-HYDROGEN TECHNOLOGY 
SESSION I - Current Programs 


Chairman: P. Ritterman 


November 1-3, 1988 
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To demonstrate that the Manufacturing Technology Program (MANTECH) 
cells are capable of performing in high orbit as well as LEO. 
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• Test a small number of cells at 25% DOD to provide correlation with present Nickel- 
Cadmium testing and life data base. 
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Place six - 23 cell HST flight configuration batteries on test January - 
February, 1989. 
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Oldest cells on test have accumulated over 11,000 cycles. 
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7 


• Supply NASA Lewis (John Smithrick) with cells for In house testing. 











9 


Testing to start in March, 1989. 







• During initial 2000 cycles On the phase II cells, a varity of recharge fractions 
was experimented with and certain test anomalies were encountered. 
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NIH2 LEO LIFE TEST AT 


NWSC/CRANE: UPDATE & STATUS 


(NOT SUBMITTED) 


S. DONLEY, C. HILL, A. MENICHIELLO, AEROSPACE CORP 
P. DALTON, R. HAAG, S. HALL, NWSC 
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Ni-H 2 Battery Cell Life Test Update 

Lee Miller and Brad Burris 
Eagle-Picher Industries, Inc. 


Abstract 

Eagle-Picher Industries has been conducting LEO type life cycle testing on 
Ni-H 2 battery cells for approximately six (6) years. Over 100 cells have been 
introduced into the cyclic regimes and some groups are now approaching 40,000 
cycles. The depth-of-discharge (D0D) selected for evaluation has ranged from 
15% to 50%. 

This paper offers a test result summary update for the longer-term cell 

groups. 

Introduction 

Eagle-Picher Ni-H 2 battery cells have been successfully tested by both 
domestic and foreign spacecraft manufacturers and users in simulated GEO life 
cycle regimes. With this already established and growing mission type data 
base, Eagle-Picher elected to direct its resources toward LEO life cycle type 

testing. 

To minimize equipment and operational, complexity and cost, the test regimes 
feature constant temperature (5° - 10°C), constant current charge and discharge 
and constant, manually selected C/D ratios. Both real-time 90 minute cycle 
and accelerated 45 minute cycle regimes are utilized. Cell performances at 
D0D*s of 15% 30% and 50% are being evaluated. (See Exhibit #1) 

As of this date, the longest-term cell groups are now approaching 40,000 
cycles with good performance characteristics. Additional details concerning 
this test activity were presented at the 23rd (1988) IECEC (1). 
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Discussion 


Over the approximate six (6) year test period, various cells groups have 
been added to the test regimes and the total count now exceeds 100 cells. 

In addition to numbers, various technologies were introduced for evaluation. 
These include 1) cell capacity size (30, 50 and 80 AH), 2) positive electrode 
mechanical strength variations, 3) separator types (asbestos and Zircar), 4) 
electrolyte quantities, 5) electrode stack geometries (pineapple and truncated 
electrodes), and 6) electrolyte additives (LiOH) . (See Exhibit #2) 

Resul ts 

Exhibits #3 - #5 present a data graph, end-of-charge/discharge voltages and 
measured capacity respectively for a group of 50 AH rated cells. These cells 
are tested in an accelerated, 45 minute, LEO cycle regime at a 15X 000. Stable 
performance, good end-of-discharge voltages and no measurable capacity loss 
results continue to be recorded over 38,000 cycles. 

Exhibits #6 - #8 present the same data for a group of 30 AH rated cells in 
a real-time, 90 minute cycle regime at a 30X 000. These cells were accidentally 
subjected to a dead-short condition resulting in high heat generation (as a 
result, cells 003, 004 and 012 were lost due to terminal seal leakage). The 
remaining cells have now accumulated 5,000 more cycles for a total in excess of 
26,000 cycles while maintaining the same good performance results as noted for 
the above group. 

Exhibits #9 and #10 present data graphs for 80 AH rated cells in a real- 
time, 90 minute cycle regime at a 50X D0D. At this level of D00, cell perform- 
ance was demonstrated to be more sensitive to design technologies. As indicated 
in Exhibit #9, the combination of low positive electrode mechanical strength 
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and low electrolyte quantity did not perform well. However, when the combination 
included high electrolyte quantities (Exhibit #10), these cells have continued 
to perform well through 10,000 cycles. 

Conclusion 

A six (6) year life cycle test effort has demonstrated the Ni-H 2 battery 
system's capability to support long-term LEO type missions up to and including 
30% 000' s. The data further suggest DOD's in excess of 30% may be equally 
viable; however, careful assessment and proper selection of design technologies 
will be important. 

In support of this latter objective, Eagle-Picher plans to continue 
expansion of its LEO life cycle test effort. A few new technologies which are 
now being incorporated or considered are listed in Exhibit #11. 


References 

(1) D.K. Coates and R.M. Barnett, "Nickel-Hydrogen Cell Life Testing", 
Proceedings of the 23rd Intersociety Energy Conversion Engineering 
Conference (IECEC), August 1988. 
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EXHIBIT #2 

Various NiH 2 Battery Cell Technologies 
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Electrolyte additive 


50— AH Battery Cells 
15% DOD 
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Exhibit //4 


TEST 


DATE: 10/24/07 


RNH-50-15 


CYCLE: 38060 


CHARLJE ±> 1 SCIHARSE 


SN 

5 MIN 

10 MIN 

15 MIN 

EOC 

5 MIN 

i 

10 MIN 

15 MIN 

EOD 

01 

1 . 4099 

1.4517 

1 . 4819 

1.5480 

i 

1 1 . 3676 

1 . 3207 

1.2869 

1 . 2482 

02 

1.41 57 

1. 457Q 

1 . 4868 

1.5514 

1 1 . 3628 

1.31 70 

1.2834 

1.2448 

03 

1 .4195 

1.4618 

1 . 4895 

1 . 5555 

1 1.3591 

1 . 3124 

1 . 2798 

1.2412 

04 

1.4167 

1 . 4590 

1 . 4B79 

1 . 5536 

I 1.3618 

1.3151 

1 . 2815 

1.2431 

05 

1. 4165 

1 . 4586 

1 . 4864 

1.5524 

1 1.3618 

1 . 3152 

1 . 2830 

1.2447 

06 

1.4082 

1 . 4504 

1.4804 

1.5464 

I 1 . 37CU 

1 . 3232 

1 . 2890 

1 . 2505 

07 

1 . 4195 

1.4621 

1 . 4901 

1 . 5556 

1 1 . 3573 

1.3106 

1.2778 

1 . 2392 

00 

1.4175 

1.4601 

1 . 4878 

1 . 5541 

1 1 . 3608 

1.3141 

1 . 2814 

1 . 2425 

09 

1.4171 

1 . 4593 

1. 4884 

1.5554 

1 1.3618 

1.3148 

1 . 2809 

1.2421 

10 

1 .4187 

1 . 4607 

1 . 4899 

1 . 5572 

i 1.3610 

1.3140 

1 . 2804 

1 . 2420 

11 

1 . 4324 

1.4758 

1 . 5045 

1.5755 

l 1 . 3446 

1 . 2965 

1.2625 

1.2210 

12 

1.4137 

1 . 4564 

1 . 4847 

1 . 5533 

1 1 . 3662 

1.3182 

1.2846 

1.2454 

13 

1.4141 

1.4562 

1.4846 

1 . 5525 

1 1 . 3653 

1.3179 

1.2848 

1 . 2463 

14 

1.4158 

1 . 4575 

1 . 4866 

1 . 5549 

1 1 . 3660 

1.3187 

1.2846 

1.2458 

15 

1 . 4169 

1 . 4580 

1 . 4879 

1 . 5552 

1 1.3671 

1 . 3203 

1 . 2858 

1.2474 

16 

0. 0000 

0. 0000 

0. 0000 

0. 0000 

1 0.0000 

0. 0000 

0 . 0000 

0. 0000 

17 

1. 4169 

1 . 4585 

1 . 4883 

1 . 5572 

i 1.3667 

1 . 3193 

1 . 2848 

1.2459 

ie 

1.4197 

1.4611 

1.4909 

1 . 5603 

1 1 . 3646 

1.3172 

1 . 2829 

1.2440 

19 

1 . 4163 

1 . 4580 

1 . 4889 

1.5578 

1 1 . 3693 

1.3221 

1 . 2865 

1 . 2470 

20 

0. 0004 

0. 0004 

0. 0004 

0.0004 

1 0.0004 

0.0004 

0. 0004 

0.0004 

21 

1 . 4060 

1.4477 

1 . 4802 

1 . 5487 

1 1 . 3763 

1 . 3286 

1.2920 

1.2523 

22 

1.4159 

1 . 4570 

1.4897 

1.5601 

1 1 . 3747 

1.3273 

1 . 2909 

1 . 2508 

23 

0. 0004 

0. 0005 

0. 0004 

0. 0004 

1 0.0004 

0.0004 

0. 0004 

0. 0004 

24 

0. 0000 

0. 0000 

0 . 0000 

0.0000 

1 0.0000 

0. 0000 

0 . 0000 

0 . 0000 

25 

1.4392 

1 . 4802 

1.5212 

1 . 6095 

I 1 . 4005 

1 . 3555 

1.3158 

1.2751 

26 

1.4313 

1 . 4664 

1 . 4988 

1 . 5533 1 

— CTOA T M 

1 1.3616 

ni lAPCC: 

1 . 3227 

1.2924 

1 . 2585 





1 KH 1 IN 

bURbtb — 

. ... mim 


— — — — 

27 

0. 010 

0.019 

0.021 

0.022 1 

0. 010 

0. 008 

0. 005 

0. 004 

28 

0. 000 

0. 002 

0. 002 

0.003 1 

0.000 

0. 000 

-.001 

0.000 

29 

30 

- . 00 1 

0. 000 

0. 001 

0.001 1 
1 

-. 001 

-.001 

- . 00 1 

-.001 

31 

0. 000 

• 

0. 002 

* 

0. 003 

. 1 • 

0.004 1 0.001 

- PI ID(j CKIT 

• 

0. 000 

0. 000 

• 

- . 002 





U UK He. IN 1 — — 

r 



00 

+19.88 

+19. 88 

+19.88 

+19.88 1 -20.89 

_ TCMOCCjA Tl in C~ 

-20. 90 

-20 . 90 

—20 . 90 





1 trlrcKfi 1 UKc. 




32 

+4. 64 

+4.66 

+4.53 

+4.26 1 

+4.07 

+4.07 

+ 4. 18 

+4.37 

33 

+2. 78 

+2. 73 

+2.65 

+2.51 1 

+2.32 

+2.35 

+2.41 

+2. 62 

34 

+4.29 

+4. 13 

+3. 96 

+3.70 1 

+3.53 

+3.67 

+3.B3 

+4. 07 

35 

+3.32 

+3.24 

+3. 10 

+2.94 1 

+2. 81 

+2.84 

+ 2.92 

+3. 05 


November 1-3, 1988 



Exhibit It 5 


RNH-50-15 LIFE TEST 

CYCLE CAPACITY DATA SUMMARY 


BATT TEMPs 5+-3 DEG C 


DISCHG RATE: 25+ 


S/N 

#37755 

001 

67. 7 

002 

68. 0 

003 

67.0 

004 

67. 7 

005 

67.0 

006 

67.3 

007 

67.0 

008 

67.0 

009 

67.3 

010 

67. 0 

01 1 

67.3 

012 

65.5 

013 

67.0 

014 

67. 3 

015 

67.7 

016 

67.0 

017 

66.2 

018 

66.2 

019 

67.0 

020 

67.0 

021 

67.3 

022 

65.5 

023 

0 . 0 

024 

0 . 0 

025 

0 . 0 

026 

0 . 0 


AVG 

67.0 

StD 

0.63 


-0. 1 AMP 


270 


NASA/GSFC Battery Workshop 



30— AH Battery Cells 
30% DOD 
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Exhibit in 


RNH-30-1 LIFE TEST 



nvn e 


END-DF-CHARGE 


END-OF-D I SCHARGE 


* 812 -0.0005 V 

* 011 +1.5806 0 

* 010 +1.5750 V 

* 809 +1.5724 0 

* 808 +1.5749 V 

* 887 +1.5797 0 

* 066 +1.5740 0 

* 005 +1.5792 0 

084 -0.0006 V 

* 083 -0.8807 0 

* 002 +1.5847 V 

* 001 +1.5744 0 

* CHfiN AL DATA PAR AS RSG 

* DAY 827 TIME 23103 


* 012 -8.0005 0 

* 011 +1.2271 0 

++ 810 +1.2382 0 

++ 009 +1.2313 0 

* 808 +1.2295 0 

* 807 +1.2256 0 

* 006 +1.2387 0 

* 005 +1.2283 0 

* 004 -0.0087 0 

* 003 -8.8007 0 

* 802 +1.2196 0 

* 001 +1.2306 0 

* CHAN AL DATA PAR AR MSG 

* DAY 027 TINE 23238 
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Exhibit #8 


RNH-30-1 LIFE TEST 
DISCHARGE CAPACITY SUMMARY 


S/N 

INI T 

#2300 

#4200 

— . — 

— 

— 

— 

00 1 

36. 0 

36.0 

37.0 

002 

35. 4 

30. 8 

32. 3 

003 

36.0 

36 . 0 

37.5 

004 

35 • 6 

35. 4 

36 . 7 

005 

35 . 0 

32 . 3 

33. 6 

006 

35 . 8 

32. 1 

34. 1 

007 

35. 3 

32.6 

34. 1 

008 

36.0 

32.3 

34.4 

009 

35.9 

32. 6 

34.4 

010 

35. 8 

32. 9 

35. 4 

Oil 

35.3 

32. 3 

33.9 

012 

35.3 

32.3 

33.9 

AVG 

35.6 

33. 1 

34.8 

StD 

0.87 

1.69 

1.56 


S/N 

#12976 

#18870 

#18871 

— 

— 



001 

37.5 

38.8 

39.8 

002 

35.2 

37.5 

37.2 

003 

37.5 

00.0 

00.0 

004 

37.2 

39. 2 

31.0 

005 

36.2 

38.2 

39.5 

006 

36.2 

39.5 

40. 2 

007 

36.2 

39.5 

40.2 

008 

36.8 

39.5 

40.5 

009 

36.8 

39.8 

40.8 

OlO 

37.0 

40.2 

41.2 

Oil 

36.2 

38.8 

40.0 

012 

36.2 

21.2 

24.0 

AVG 

36.6 

39. 1 

39.0 

StD 

0.64 

0. 76 

2.87 


#4201 

#8601 

#8603 

#10763 

— 

— 

— 


40.0 

39.0 

39.8 

37.5 

35. 1 

35. 5 

36. 3 

34.8 

40.0 

39.0 

39. 8 

37.5 

39.8 

38. 8 

39.5 

37.2 

38.0 

37.5 

38.8 

35.8 

38.0 

36.8 

38.8 

36.2 

38.2 

37.8 

39. 3 

36.2 

38.2 

37.5 

39.0 

36.8 

38.2 

37.5 

39.3 

36.8 

38.5 

37.5 

39.5 

37.0 

38.2 

37.8 

39.0 

36.2 

38.2 

37.8 

39.3 

36.2 

38.4 

37.7 

39.0 

36.5 

1.30 

0.97 

0.90 

0.75 


#22519 

#22520 

#24136 




36.2 

36.5 

34.2 

35.2 

35.8 

35.2 

00.0 

00.0 

00.0 

02.0 

00.0 

00.0 

35.8 

36.2 

34.5 

37.8 

37.5 

37.5 

37.8 

38.5 

37.5 

37.2 

37.5 

36.2 

37.2 

37.8 

36.2 

38.5 

38.2 

37.5 

36.0 

36.2 

34.0 

14.5 

00.0 

00. 0 

36.9 

37. 1 

35.9 

1.04 

0.92 

1.37 


NOTEj ALL VALUES ARE AMPERE-HOURS TO 1 . OV 

PRECEEDED BY A 0. 1C CHARGE (17+-1 HOURS) 
TEST TEMPERATURE =* 5+-3 DEG. C 
DISCHARGE RATE = 15.00+-0. 10 AMPERES 
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80— AH Battery Cells 
50% DOD 


III 

CJ 


o 




CO 

Q) 

O 

>N 

o 


<N 


LO 


IT) 


ID 

CM 


m tn m o m m 

• cm cm ,• 


a6D^|OA 


274 


NASA/GSFC Battery Workshop 




80-AH Battery Cells 
50% DOD 
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The Ni-H2 Battery System: 

A SDace Flight Application Summary 

Lee Miller 

Eagle-Picher Industries, Inc. ItKij 


Abstract 


It is 


? e " C IlUcted C %?MghirelUbn'l?y" WOTpm?applicatipns such as 

be of benefit to potential aerospace user^ offered. For example, it 

reliability aspects if an a PP^^a io satellite launches which have 

SSTSS ^b^ur^fUches were delayed 

the 'ihi^paper^i ll'sunriariz^the aerospace programs which have flown, are 
flying and will fly the Ni-H 2 battery system. 


as 


Background 

The nickel-hydrogen battery design has-been ^promoted^asj;he^most^ ^ * 

advanced, long life, rechargeable chnuld offer more than twice the power 
years. Per unit weight this syste system (nickel-cadmium). In the 

available from the previously 30,000 cycle, 15 year 

area of electrical cycle 1lf f r c *P aclty l a InV* 7 vears for nickel-cadmium) 
capability (versus 10 000 - iS.OOO cycles a 7 y ®* nt in which it may be 

danger^of “e«rolyte 9 leakago is virtually eliminated. ^ accepta „ ce of „„ 

elec t^chemica^technol^y^by^^potenti abuser. ^^eJli-H2^battery«ll 

simply combines the best fea u ; fHo/O?) fuel cell system (H 2 

(positive electrode) and the hydr °/ n y ir ol iel which features only 
electrode). A simple, comron g d structurally stable components (thus a 
established and both . ch ®?l c ! b j Hy ) and which can operate over a wide 

^'r^ightforward and are 

knp^rrs^rr 

rechargeable battery system is avi a J* short term or long term system 

%£Sn^ %£%£'*** which 1S very 

important from an electrolyte management stand point. 
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By replacing one of "*« are 
internal battery cell design) with hydrogen 9 » J e of COU rse elimi- 

achieved. The weight of the replaced metal electrodes are^^ ^ metal . t0 . 

nated plus overall system performa Qf a .. wear _ 0 ut" mechanism for a gas 

react i on°gre at 1 y S im^oves system cycle life (bolh^Jiationll 

MlSM? !»«S ^Ui5^attery ( an, this sin.pl, 

translates into superior system reliaii y. cke i_hydrogen system has been 
Because of this inherent reliability, the ni«ei y 9 ca * ions# To the 

initially designed and Produced now 9 an d will be applied in this industry 

extent this technology has been, is now ana win uc 

is the subject of this paper. 


Space Flight Application Sutmar y 

The subject flight programs will be summarized under four (4) cate- 
gories as follows. 

I. Programs Which Have Flown 

These programs are now complete. 

Programs JJh ich^Are^Flying^e, , . pes ppw oper at1on and My 
have additional launches scheduled. 

Progr^^ic^wm Fly ^ ^ production pha se, but 

no launch has occurred as of this date. 

IV. Programs Which Plan to Fly 

These programs are committed to or are seriously consider 
ing the application of the Ni-H 2 battery system. 

Tn facilitate a review of this information, the associated data will 
be presen tetM n ^ a* tabu 1 a^f ormat under the above headings. The program mill 

be identified and pertinent detai s 1S ® • , hatterv cell manufacturer, 

has som ^ errors may occur ' 
We are obliged to apologize in advance if t is 
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Programs Which Have Flown: 

1. USAF "Flight Experiment" 

a) Prime Contractor - LMSC 

b c >, tx*' r (1) year 

d) Battery Capacity - 50 Ah 

e) Battery Size - 21 cells 

f) Launch Date - 1976 

2. US Navy "NTS-2 Satellite" 

a) p rime Contractor -,™J/Comsat 

b) Mission - lerated GEO ^ 

c) Duration - approximately eight (8) y 

a = 1 

f) Launch Date - 1976 
Programs Which Are Flying: 

3. "Intelsat V" 

a) Prime Contractor - FACC 

b) Mission - GEO . years now 

c) Duration - Longest, five L y 

d) Battery Capacity - 30 Ahr 

« " ; ii! as in* 

4. "Spacenet" 

a) Prime Contractor - RCA 

b) Mission - GEO . . vears now 

c) Duration - Longest, four l } Y 

e! '■ EicU 1 

f) Launch Date - 1984 (2) 
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III. 


5. "G-.Star" 


a) Prime Contractor - RCA 

b) Mission - GEO 

c) Duration - Longest, three (3) years now 

d) Battery Capacity - 30 Ahr 

e) Battery Size - Two (2) 11 cell modules 

connected in series 

f) Launch Date - 1985 (1), 1986 (1) 

6. "American Sat" 

a) Prime Contractor - RCA 

b) Mission - GEO 

c) Duration - Three (3) years now 

d) Battery Capacity - 35 Ahr 

e) Battery Size - Two (2) 11 cell irodules 

connected in series 

f) Launch Date - 1985 


7. "Sat Com K" 

a) Prime Contractor - RCA 

b) Mission - GEO 

c) Duration - Longest, three (3) years now 

d) Battery Capacity - 50 Ahr 

e) Battery Size - Two (2) 11 cell modules 

connected in series 

f) Launch Date - 1985 (1), 1986 (1) 


Programs Which Will Fly: 
g. "Olympus" 

a) Prime Contractor - BAe (UK) 

b) Mission - GEO 

c) Duration - 10 year requirement 

d) Battery Capacity - 35 Ahr 

e) Battery Size - 31 cells 

f) Launch Date - First projected 1989 

9. "Intelsat VI" 


a) 

b) 

c) 

d) 

e) 

f) 


Prime Contractor - HAC 
Mission - GEO 

Duration - 10 year requirement 
Battery Capacity - 44 Ahr 
Battery Size - Two (2) 16 cell modules 
connected in series 
Launch Date - First projected 1989 
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10. "Military Satellite" 

Detailed information on these type applications 
is classified. 

11. "Milstar" 


a) 

b) 

c) 

d) 

e) 

f) 


Prime Contractor - LMSC 
Mission - Multiple orbits 
Duration - 10 year requirement 
Battery Capacity - 76 Ahr 
Battery Size - 22 cells 
Launch Date - First projected 1990 


12. "Italsat" 


a) Prime Contractor - FACC 

b) Mission - GEO . 

c Duration - 10 year requirement 

d) Battery Capacity - 30 Ahr 

e) Battery Size - 27 cells 

f) Launch Date - First projected 1989 


13. "SCS-1" 


a) 

b) 

c) 

d) 

e) 

f) 


FACC 


Prime Contractor 
Mission - GEO . , 

Duration - 15 year requirement 
Battery Capacity - 83 Ahr 
Battery Size - 27 cell . qRp 

Launch Date - First projected 1989 


14. "Space Telescope (ST)" 


a) 

b) 

c) 

d) 

e) 

f) 


Prime Contractor - LMSC 

KlSn'-IL (5) year requirement 
Battery Capacity - 90 Ahr 
Battery Size - 23 cells 
Launch Date - First projected 1990 


15. "HBO Satellite" 


a) 

b) 

c) 

d) 

e) 

f) 


RCA 


Prime Contractor 
Mission - GEO . 

Duration - 10 year requirement 

Launch Date - First projected 1989 
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16. 


"Anik-E Satellite" 


a) Prime Contractor - Spar /RCA 

b) Mission - GEO . 

c Duration - 12 year requirement 

21 SSS? ") 11 cell modules 

e) Battery connec ted in series 

f) Launch Date - First projected 1989 

7 . "TV-Sat 2" 

a) Prime Contractor - MBB/AEG (Germany) 

b) Mission - GEO . . 

c Duration - 10 year requirement 

d) Battery Capacity - 30 Ahr 

e) Battery Size - 27 cells 

f) Launch Date - First projected 1988 

18. "Eutelsat II" 

a) Prime Contractor - ASCA (France) 

b) Mission - GEO . . 

c) Duration - 10 year requirement 

d) Battery Capacity - 65 Ahr 

19 ‘ on these We applications 

is classified. 

20. "Telecom 2" 

a) Prime Contractor - Matra (France) 

b) Mission - GEO . 

c Duration - 10 year requirement 

d) Battery Capacity - 78 Ahr 

e) Battery Size - 27 cells 

f) Launch Date - First projected 1990 

Programs Which Plan to Fly 
21. "Space Station" 

a) Prime Contractor - FACC 
(Power Subsystem) 

b) Mission - LEO . „ . 

c Duration - 6.5 year requirement 

d) Battery Capacity - 81 Ahr 

e) Battery Size - 30 cells 

f) Launch Date - Mid 1990's 
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22 . 


"Columbus" (European Space Station) 


a) 

b) 

c) 

d) 

e) 

f) 


Prime Contractor - AEG (Germany) 
Mission - LEO 
Duration - N/A 
Battery Capacity - N/A 
Battery Size - N/A 
Launch Date - Mid 1990 s 


23. "SAX Satellite" 


a 

b 

c) 

d) 

e) 

f) 


NOTE: 


Prime Contractor - FIAR (Italy) 

Mission - LEO . . 

Duration - Four (4) year requirement 

Battery Capacity - 30 Ahr 
Battery Size - 29 cells 
Launch Date - First projected 1990 

For the remaining appli c ati°ns under^his^cat^ory, 

we are not proposed detail program 

selected as of this date. t0 rpT varies between 

iHforaat ion which has been p apprppriate t0 bl , sh 

STlSSStS? ‘ind'U the program name and rnss.on 
,..•511 ho irlpntif ied. 


24. 

"Olympus" Follow On 
b) Mission - GEO 

25. 

"Italsat" Follow On 
b) Mission - GEO 

26. 

"UHF" Follow On 
b) Mission - LEO 

27. 

"X-Ray Telescope" 
b) Mission - LEO 

28. 

"Intelsat VII" 
b) Mission - GEO 

29. 

"Aussat B" 
b) Mission - GEO 

30. 

"GPS Block HR" 
b) Mission - GEO 
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31. "Inmarsat II" 

b) Mission - LEO 

32. "Super Program" 

b) Mission - Multiple orbits 

33. "Military Satellites" 

At this time a total of six (6) programs are qualified 
for classification under this category. 


Conclusion ... 

This limited review has identified^ P™9 r ^ t ^y C technology! °It is 
likely constitute the application a rp fprence for potential users and 
SsYo ma^be" interested ’ in ^extent of the application of the nickel- 
hydrogen battery system. 
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TEST CIRCUIT 
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OTHER METHODS OF PLOTTING 
DATA CAN BE USED, FOR 
EXAMPLE, CAPACITANCE PLOTS 
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determine post storage capacity 

EQUILIBRATE FOR A HR AT 0.2 VS Hg/HgO, MEASURE 

IMPEDANCE PARAMETERS: 

1 MV SIGNAL, 5.65 HZ TO 0.0007 HZ 
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IMPEDANCES OF ELECTRODES AT 0.4 V WERE SIMILAR AND COULD 
NOT BE DIFFERENTIATED WITH THE EQUIPMENT USED. NEW 
EQUIPMENT RECENTLY RECEIVED SHOULD ALLOW DIFFERENCES TO 

BE MEASURED. 
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THE VOLTAGE DROP AND INCREASE IN IMPEDANCE COULD 
BE CORRELATED QUALITATIVELY, BUT NOT QUANTITATIVELY, 
WITH THE MAGNITUDE OF CAPACITY LOSS ON STORAGE. 
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UPDATED STATUS OF THE FRENCH NiH2 
TECHNOLOGY DEVELOPMENT 


Thierry JAM IN 

Mechanisms and Energetics Department 
Toulouse Space Center 
CNES , France 


Jean-Pierre SCHULTZE 
Aerospace Unit 
SAFT 

Romainville, France 


ABSTRACT 

A general survey of the last French development in NiH2 technology for GEO 
applications is given : main results are discussed, and perspective toward 
future evolution presented. 


INTRODUCTION 

Geostat ionnary applications require mainly reliable and well evaluated 
Nickel Hydrogen technology. In Europe, that kind of power device remains of 
great interest, particularly in France. 

Since 1985, a new development activity started under CNES control, taken 
place within a general search a technology plan. 


NiH2 DEVELOPMENT 

This development was done at SAFT, under major founding from CNES. and SAFT, 
with the contribution of ESA. Substantial development programm was defined to 
respond a requirement level approved by CNES and ESA. 

The purpose was to build up and evaluate a cell’s definition fitted to the 
range 30-50 Ah in capacity, to provide power for a ten years mission. 

Cell’s technology developped was of the IPV type, operating at high 
pressure. Essential details related to this definition were presented in 1986 
(ref. 1) . 

Conception was based on the maximum value in the range (ie 50 Ah) and basic 
technological components issued from SAFT background. 

The choice of an individual pressure vessel, mounted into a single piece 
sleeve, was done assuming the fact it should permit to reach a high safety 
factor while offering good thermal features. 

All along the program, accurate evaluation at components and cell level was 

done. 


End of development was marked in May 1988 by a critical definition review 
where VHS 50 BL definition (namely 50 Ah cell) was presented and evaluation 
tests results largely discussed. 
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TESTS RESULTS 


Validation test program was performed on 50 Ah cells or same sized vessels t 
following a schedule presented hereafter in figure 1. 

Each cell or vessel tested was compliant with the same definition file and 
of the same manufacture and control lot. 



Figure 1 - Validation test plan 
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GENERAL CHARACTERISTICS 

Based on a 22 cells lot experience. Main features for the VHS 50 BL NiH 2 
cell are given hereafter in table 1. 


Mean capacity at 1 V 20°C C/2 

51,5 Ah 

Mean energy density (at cell level) 

48 Wh/kg 

Mean volumic energy (at cell level) 

70 Wh/1 


Table 1 - VHS 50 BL characteristics 


On the referenced lot, mass and capacity dispersion values were smaller 
than expected, which is a proof of the good manufacture control level got. 


MECHANICAL TESTS 


Fatigue tests 

The goal of this test was to check out resistance limit of Inconel vessel 
design to cyclic loading, in order to simulate charge-discharge pressure 
variation of the structure in absence of the effect of Hydrogen. 


- Conditions 

Pressure fluid was special oil used as neutral agent for the cycling. 

. Frequency was chosen to accelerate the test and perform a large number of 
cycles, his value was close to 5 cycles/min. 

. Amplitude was 25-75 bars pressure range corresponding to a 100 % DOD 
level (75 bars being the DMOP : Design Maximum Operating Pressure). 

Three vessels (each mounted into integral sleeve) were proof tested at 
first at 1,5 time the DMOP and then cycled under the previous conditions, and 
they reached more than 150 000 cycles without any damage. 

Modifying the maximum pressure value up to the proof test pressure value, 
complementary cycling permit to get respectively for each vessel 10.000, 23.000 
and 31.000 cycles more. Leakage was observed at these points. Using SEM, we have 
confirmed pure fatigue micro facies and typical crack trip growth leading to 
leakage . 

These results were in good agreement with predictive datas got previously 
from a mechanical rupture analysis (ESA crack computering mode). 
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Burst tests 

Six naked vessels were bursted to verify the limit of the design. 

- Conditions 

Pressure fluids used were oil or gazeous helium and pressurization rate 
chosen in the application range. 

Requirement level was 2,5 time the DMOP value, and for each cell this limit 
largely overshoted. 

.. j 4 -uo richt vessel's design with margins good enough 
Such results confirmed the right vessel a, 

to take into account statistical dispersion. 

Safety tests 

This activity .as aimin, at character!* ..or. £—*££2 
. narv SAFT performed an rMfcuA v 

device. As a preliminary tasK, a v nrimn letelv cell's behaviour under 

and critical effects analysis) to define completely, cen 
Snctionnal aspects, hazardous events and main consequences. 

Fault tree method -as also employed, and this study permit to start safety 
tests while fixing specific conditions. 

- Conditions 

An overall amount of 8 cells (into sleeve) was fitted to hazardous 
events ; specific conditions are summarized hereafter in table . 


Type of 
test 

Test 

N° 

Test conditions 

current 

temperature 

time 

Overcharge 

1 

c/s 

20° C 

72 H 

2 

c/10 

0°C 

> 72 H 

3 

c 

20°C 

5 H 

4 

c 

0°C 

5 H 

Over 

dis- 

charge 

5 

C/2 

20°C 

7/ 72 H 

6 

c 

20°C 

5 H 

Shock 

7 

Wedge impact of 25 J ont the 
cylindrical part of a fully 
charged cell 

External 

short 

circuit 

8 

Connecting terminals (at 20°C 
through an external resistance of 
1,7 mi) of a full charged cell 
during 1 hour 


Table 2 - Safety test conditions 
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The one cell shocked, presented of course, trails of the test ( de visu, at 
sleeve level and inside by Xray observation, at stack level). Nevertheless, it 
hasn't affected electrical properties as demonstrated by a follow on control. 


Short circuit led to an instantaneous current higher than 8C regim. 

As shown in figure 2, after a tansier.t during the first minutes there were a 
pseudo plateau in current at approximately 240 A with a voltage stabilization, 
then a sharp decrease for both electrical parameters. But after a ten minutes 
discharge time, current and voltage decreased slightly. 

Cell's temperature measured on sleeve wall increased up to 77°C as a 
maximum value while pressure decreased in two steps. 


Cells tested under overdischarge conditions presented a peak temperature 
never exceding 40°C for a time below 1 hour, and pressure temperature and 
voltage reached a steady state value after 2 hours evolution as presented m 

figure 3. 


Figure 4 compare for two cells tested under overcharge conditions 
respectively, at 20°C and 0°C, at a same C regime, their characteristics. 
Temperature effect at this kinetic of charge is not so detectable, though we can 
deduce from pressure behaviour the better efficiency at 20°C for the recombining 
reaction between 0_ and H . As well as it appears at lower temperature how 
exothermic are the phonomenon envolved during overcharge. 


Main datas got from overcharge tests figured in 


table 3. 


Test 

N° 

Pm ax 
(bars) 

Tmax 

(°C) 

Voltage 

max 

(V) 

Capacity 
at 1,0 V and 
C/5 (Ah) 

C/5 
20° C 

72,2 

30,7 

1,54 

53,6 

C/10 
2 o°C 

78,2 

i 

5,5 

1,65 

65,3 

C 

3 20°C 

89,5 

56,4 

1,57 

50 

c 

4 o°C 

90,1 

61,6 

1,7 

58,3 


Table 3 - Overcharge test results 


It is clear that the lower is the charge regime the best is the 
recombination of H 2 and 0 2 because of the small amount of 0 2 produced. 

Others features to analyse are capacities restituted after overcharge , at 
lower temperature, which are higher than those in normal conditions (le. C/2 
20°C) by 10 to 25 %. 


From these tests results, we can deduce that under abnormal conditions, 
this NiH technology never presented very dangerous behaviour ; though if we 
should classified risky events we'd find in growing order, overdischarge, 
overcharge and short circuit. 
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Figure 4 - NiH 2 cell overcharge characteristics at C 
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Thermal tests 

These tests conducted under ESA contract at Aerospatiale Cannes (AS.CA). 
were aimed to evaluate thermal behaviour of NiH^ 50 Ah SAFT cells. In parallel, 
was developped by AS.CA a thermal 59 node computer model of the cell-sleeve 
assembly (using a SINDA program). 

Two thermal prototypes instrumented as indicated in figure 5 were build up. 
The test was realized in thermal vacuum chamber and standard cycling conditions 
were C/2 discharge, C/10 charge, C/100 trickle with a DOD of 70 % and a recharge 
factor of 1 2. Typical curve temperature comparing two follow on cycles at node 
level is presented in figure 6. This original test permit to mesure 
instantaneous temperature and to promote a thermal cartography of the ce*l 
sleeve design to correlate the model. 

Main results, in perfect agreement with predictions, are for BOL conditions 
(end of discharge step) 

- Maximum inner temperature at stack level • 20 C 

- Maximum inner gradient between stack and vessel • 6,8 C 

- Mean conduction gradient along the sleeve . < 2 C 

Calculation results with the model gave peaks power, dissipated during a 
cycle, not exceeding 6,5 W on discharge, 5 W on charge and 0,5 W on trickle. 


Vibration tests 

Six cells were tested to check wether if or not the definition was 
compliant with usual launching loading. Vibrations requirements indicated in 
table 4 were jointly accepted by ESA and CNES. Previous and later electrical 
characteristics were determined and no important effects observed. 


Two cells were removed of the test and opened to perform a DPA but 
everything was found to be conform to the initial state. Finally these results 
demonstrate the hability of SAFT design to withstand reference loading level 
without showing any mechanical or electrochemical damage*. 


1) Sine vibrations 


10 - 22 Hz : 

22 mm C-C 

22 - 100 Hz 

+ 20 g 2 octaves/minute 

2) Random vibrations (along the 3 axis) 

20 - 150 Hz 

0,25 g 2 /Hz 

150 - 212 Hz 

+ 13 db/oct 2 minutes per axis 

212 - 480 Hz 

1 g /Hz 23 g RMS 

480 - 1000 Hz 

-12 db/oct 

1000 - 2000 Hz 

0,053 g /Hz 


Table 4 - Vibrations spectra for qualification tests 


Life tests 

Three cells coming from the vibration test and six more unvibrated cells 
or a total amount of nine, started a life test. 


Cycling discharge profile is shown in figure 7 and related to a 45 cycles 
eclipse season, with a maximum discharge time of 72 minutes (this represent the 
typical case for Eutelsat 2 spacecraft application). 
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very 


Cycling conditions are presented 
realistic because it is a low acce 


herebelow in 
lerated test 


table 5. The test remains 
i .e. 2 cycles a day) . 


Discharge regim 

C/1,7 

Charge regim 

C/13,5 

Trickle regim 

C/200 

Maximum DOD 

70 % 

Recharge ratio K 

1,15 

1 Mean test temperature 

10 + 5°C 


Table 5 - Life test conditions 


q 0 . f . hl ich the very low evolution on first three eclipse 

On figure 8 we s te8te d never exceeded 25°C outer temperature, 

seasons on discharge step. end of discharge voltage remained very 

and on maximum depth of aiscnarg y 
stable at values close to 1,2 V. 

n nne season more having been done, and normally it 
This test is going on, one se cvcles or 20 eclipse- seasons, 

should only be stopped after com P le ^ ng hp 90 .° em ^!^ te d 
corresponding to the ten years mission to be d 

, v e1 . he added. Apart of the validation test, a 
Another encouraging «sult^must b ^ constant maximU m D0D of 70 *, has 
first prototype, cycling the same way, 
reached satisfactorily more than 700 cycles. 

Electrical evolution is shown in f ^^/o^discha^ In addition, 

w^shoul^mentionned 3 capacity elution, checked regularly, hasn't decreased at 

all. 

t^r S^ee^e pos^bUity ro be nounr.d onto next tern prbdecte. 
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Future activities 

ESA and CNES, with the high level of confidence got from the last 
development experience, decided jointly to initiate a new GEO development, while 
intending to improve performances at components level. 

Main trends for the new GEO development can be summarized as follow : 

l 

- Wider range capacity : 40 - 90 Ah 

- Longer life requirement : 12 years 

- Light weight concept : 55-60 Wh/kg 

Results will be available by the end of 1990, 

At the same time, and because of interesting results (ref. 2) CNES and ESA 
have procured approximately 20 cells to be tested under LEO conditions. 

CNES tests conditions will be typically 100 minutes cycle at 10*C and 40 % 
DOD with a goal of 30 000 cycles. 

Next steps for french NiH technology are driven by opportunities to be 
aboard, on SAT2 project (a technological GEO spacecraft belonging to ESA PSDE 
program) and on Columbus program (European contribution to the international 

space station). 


CONCLUSIONS 

Large effort has been made in France to promote a NiH^ cell development to 
an advanced status. Important results deduced from a comprehensive program 
permit right now to ascertain our knowledge concerning this promising 
technology. 

Specially. SAFT design was found to be correctly sized on vibration, 
thermal, mechanical, electrical and safety aspects, as proved by the prequali- 
fication status got. 

Life time is still under evaluation with good chances to reach the 
objective of a ten years GEO mission. 

Ambitious improvements are planned for the next short term development with 
as key words, "high capacity and high energy density". 
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Introduction 

The principal concern with the long term storage of nickel-hydrogen battery cells is the 
development of a low voltage plateau in the discharge profile of the cell (Figure 1 ). 
While the total capacity of a cell might remain essentially unchanged despite long 
periods of storage, the formation of this secondary plateau constitutes a decrease in 
the discharge voltage of some of the cells’ capacity. When this lower voltage is below 
the voltage requirements of a particular power system, that portion of the capacity is no 
longer considered useful capacity, and therefore, there is a loss in useful capacity. 

In order to understand this loss in useful capacity, the problem was characterized as 
fully as possible: the nature of the secondary plateau, the storage conditions which 
affect the development of the secondary plateau, the cell designs which make cells 
less likely to show losses in useful capacity after storage, and charging/ discharging 
regimes which lead to recovery of some useful capacity losses were all delineated 
(Table I). The strategy was, then, to formulate a mechanism for the capacity loss which 
would be consistent with all of these characteristics. Only with the correct mechanism 
in hand would it be possible to propose measures (storage, design, cycling) which 
would mitigate the loss of useful capacity after long term cell storage. 

Discussion 

The nature of this secondary plateau and its causes and effects (Tables 1 and 2) are 
consistent with the formation of a higher resistance barrier between the current 
-carrying sinter and the active material of the positive electrode. The nickel sinter 
intrinsically develops a thin barrier of NiO which inhibits electron transfer, and it is this 
barrier which protects the sinter from spontaneous oxidation by the Ni(lll) and Ni(IV) 
hydroxides which are generated on cell charging. Without this barrier, the sinter would 
eventually become bivalent nickel hydroxide by way of: 

Nio + 2 NiOOH + 2 H 2 O ► 3 Ni(OH )2 


and/ or 


Ni° + Ni02 + 2 H 2 O 

PAGE blank not fumed 
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The barriers of restive material can be thought of as of energy barriers as illustrated in 
Figure 2. Although the electrons in metallic nickel are at a considerably higher energy 
than those in the NiOOH and Ni02, there is minimal electron transfer, and therefore 
minimal oxidation of the sinter, because the electrons in the metallic nickel are unable 
to overcome the small energy barrier of the intrinsic oxide film. On the other hand, 
electrons in the platinum, negative electrode are at a sufficiently high energy to 
surmount this barrier when the platinum is exposed to H 2 gas; that is, when the cell 
contains any pressure of hydrogen. 

It should be noted at this point that some of the other proposed mechanisms for the 
development of a secondary plateau after long term cell storage are not entirely 
consistent with the characteristics delineated in Table 1. For example, a recent 
explanation suggests that CoOOH (or Co(OH)3) is reduced by the hydrogen gas in a 
Ni-H 2 cell and that this leads to differential solubilities of the nickel and cobalt 
hydroxides. It is proposed that there is a migration of Co from the active material 
matrix. Certainly, such a mechanism would profoundly affect the charge and 
discharge profile of a cell stored for long periods. But the secondary plateau is found 
in Ni-Cd cells despite the absence of hydrogen, and it is found in Ni-H2 cells with a 
positive precharge. Such cells have a residual oxidizing environment, and reduction 
of Co(lll) in the active material would be highly unlikely. Even Ni-H2 cells with a 
modest hydrogen precharge show residual Ni(lll) in their positive electrodes after 
several years of storage in the shorted condition. In the presence of Ni(lll), the 
reduction of Co(lll) to bivalent Co is unlikely. 

The NiO film on the nickel sinter is not the only energy barrier between the metallic 
nickel and the active material: the active material itself can provide considerable 
electrical resistance (a high energy barrier). The height of this barrier is indeterminate 
because the electrical resistance of the active material barrier is largely a function of its 
thickness, its structure, and the oxidation state of the Ni within its structure. The fully 
discharged positive electrode contains mostly bivalent nickel hydroxide. There is the 
brucite form, usually referred to as |3-Ni(OH)2, and there is the loosely hydrated form, a- 
Ni(OH)2 which can contain 0.5 to 0.7 molecules of H 2 O per Ni atom. This alpha form 
is a much more open structure as its intercalated water molecules hold the Ni-0 
planes 0.8 nm apart. This is also a much more electrically conductive material than 

the p*Ni(OH)2 which contains as little as one H 2 O molecule per twenty Ni atoms and 
has an interlaminar spacing of only 0.46 nm. 

So, although a higher energy barrier might be expected of the |3-Ni(OH)2 than of the a- 
Ni(OH)2 active material, other considerations determine the exact barrier heights. It is 

evident that the (3-Ni(OH)2 barrier can become insurmountable to even those electrons 
from the charged negative electrode. This conclusion is drawn from the destructive 
physical analyses of cells which have been short-circuited for years: the apparent 
oxidation state of the nickel in the active material is always found to exceed +2, 
indicating the presence of at least some trivalent nickel. The analyses typically show 
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about 5% NiOOH in the active material and it has been observed that the discharged 
active material is p-Ni(OH) 2 . For the most part, however, the active material is 
accessible for discharge, and this is largely at about the same energy or voltage. 
Highly resistive regions do not compromise all of the capacity because the positive 
electrodes behave much like a network of innumerable parallel resistors (Figure 3). 
The high resistance paths are simply bypassed until all of the active material in low 
resistance regions is discharged. Only then is the more isolated material discharged. 

The highly resistive nature of the p-Ni(OH)2 is due, only in part, to the lack of water in 
its interlaminar regions. As this bivalent hydroxide ripens, its structure becomes more 
and more regular (ordered), and it is the highly ordered form of p-Ni(OH )2 which 
shows such poor electrical conductivity. Water is not the only defect in the structure 
which can enhance the electrical conductivity of the material: even traces of higher 
oxidation state material like NiOOH can have a profound effect. And so, while it might 
seem desireable to achieve total reduction of the higher oxidation state nickel when 
discharging a cell, it is preferable to leave traces of the Ni(lll) and Ni(IV) within the 

active material matrix to act as defects as the p-Ni(OH )2 ripens overtime. Fortunately, 
leaving some undischarged material is unavoidable as discussed earlier. 

Charged positive electrodes have been found to contain a-NiOOH, p-NiOOH, y- 
NiOOH, and some form of tetravalent Ni which, for simplicity, will be described here as 
Ni02. The p-NiOOH and y-NiOOH are the important charging products. It is generally 
accepted that the beta structure is more conductive than the gamma structure, but the 
key issue is the structures themselves. On charging of the cell p-Ni(OH )2 is smoothly 
oxidized to p-NiOOH with only minor changes in the crystal structure. The interlaminar 
distance opens slightly, from 0.46nm to 0.48nm. y-NiOOH on the other hand is a 
product of charging a-Ni(OH )2 or of prolonged overcharging of p-NiOOH, and this, as 
with the a-Ni(OH) 2 , is a much more open structure. Cell dimensions indicating an 
interlaminar spacing of 2.1 nm have been reported. The separation of the Ni-0 planes 
in this structure is attributed to the incorporation of K+ ions which are drawn into the 
structure during charging and expelled during discharging. 

Because the y-NiOOH is a poorer conductor than the p-NiOOH, the y-NiOOH material 
discharges at a lower voltage and is therefore a less desireable product of cell 
charging. However, it is the precursor to a-Ni(OH)2 , and in that respect it is more 
desireable to form y-NiOOH on cell charging. By forming y-NiOOH through extended 
overcharging, a-Ni(OH )2 will be formed on subsequent discharge, and this more 
conductive form of discharged material will provide a lower energy barrier between the 
active material and the nickel sinter. This is why some capacity lost to the low voltage 
discharge can be recovered through severe overcharging of the cell: any active 

material which has not been isolated by highly resitive p-Ni(OH)2 is charged, first to p- 
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NiOOH and then on to y-NiOOH. This opens the structure of the active material 
allowing H 2 O and K + between the layers of Ni and O atoms. On discharge, a 
significant amount of ot-Ni(OH)2 is formed in the pores of the sinter. Repeated cycling 
(over-charging and discharging) slowly works H 2 O into the structure of the active 
material. This is not likely to be an efficient process, and so, total recovery of capacity 
is not expected. When the p-Ni(OH)2 becomes highly ordered (dehydrated) after 
prolonged storage, it is not easily re-hydrated and therefore it remains highly resistive. 

The hypothesis that the loss of useful capacity is a dehydration process is consistent 
with most of the factors delineated in Table 1 . Dehydration of either form of Ni(OH)2 is 
thermodynamically favorable, and so, the discharged, active material has a natural 
tendancy to lose water and become less conductive. But dehydration is a slow 
process and can be virtually eliminated at very low temperatures (cf. Table 2). 
Dehydration could readily occur in cells with no H 2 precharge as is the case in Ni-Cd 
and negative-limited Ni-H2 cells, and some low voltage discharge plateau has been 
observed in both of these cell designs (Table 2). Recovery of capacity by overcharge 
and trickle charge is not surprising when these reactions at the positive electrode are 
examined (Table 3). The trickle charge reaction is the same as the overcharge 
reaction: both consume hydroxide ions, but more important, both generate H 2 O within 
the active material and this is the source for the "re-hydration" process. The final factor 
described in Table 1 is not obviously connected to dehydration of active material. 

The sensitivity of capacity loss to the rigidity of the plaque is due to the significant 
changes in the volume of active material as a function of state-of-charge. Zimmerman 

and Effa have clearly demonstrated that the intrinsic volume of discharged material (p- 
Ni(OH)2) is considerably larger in a fully discharged cell than in a partly charged cell 
(Figure 4). This implies that when a cell is fully discharged, the active material swells 
inside the pores of the nickel sinter creating stresses within the positive electrode. 
These stress can be relieved by expansion of the pores or by squeezing water from 
the Ni(OH)2 structure to reduce its volume. Expansion of the pores is a function of the 
rigidity of the plaque, and for plaque with a high bend strength, this is less likely. This 
leaves only the dehydration option. Given that dehydration of Ni(ll) hydroxides is 
already thermodynamically favorable, the stresses created by rigid plaque can only 
accelerate the process. And given that the highly conductive ct-Ni(OH)2 occupies 
much more volume than the less conductive p-Ni(OH)2 , more rigid plaque should 
favor formation of p-Ni(OH)2. 

Closely related to the issue of rigid plaque is loading levels: electrodes which are 
heavily loaded, like rigid plaque, are less able to expand to accommodate a-Ni(OH)2 
as the cell is discharged. And so, such electrodes are more likely to enhance the 
formation of the highly resistive, dehydrated p-Ni(OH)2 which leads to the secondary 
voltage plateau. It has been pointed out that plaque contains large void volumes 
even after being heavily loaded, but it should also be pointed out that access to these 
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voids is the issue. It is unlikely that any form of nickel hydroxide has any ductility to 
speak of, and therefore, as it expands, it is unlikely that it would flow into any available 
voids. Instead, it will create stresses within the electrode pores and spontaneously 
dehydrate. 

The hypothesis that the loss of useful capacity is a dehydration process is not 
consistent with all of the factors delineated in Table 1 . These inconsistencies are 
explained when a more general description of the process is used. It is the highly 

ordered form of (3-Ni(OH)2 which is a poor conductor, and the presence of crystal 
defects, like H 2 O, enhance its conductivity. Other defects, however, are possible and 
are vital to maintaining good conductivity within the active material. Either form of 

NiOOH serves this purpose well. Besides providing Ni3+ defects within the p-Ni(OH )2 
structure, neither form of NiOOH has as much tendancy to dehydrate as the two forms 

of Ni(OH )2 and the y-NiOOH brings with it K+ ions which further disrupt the highly 

regular structure of the p-Ni(OH) 2 . The need for NiOOH within the discharged active 
material explains the observations that cells with a hydrogen precharge and cells 

stored in the shorted condition are more likely to develop a secondary plateau (Tables 
1 and 2). 

The NiOOH defects can be removed from the active material matrix by any or all of the 
reactions listed in Table 3 for self discharge at the nickel electrode. The first reaction 
listed does not require hydrogen; it is the mechanism for self discharge of Ni-Cd cells. 

If it occurs in a Ni-H 2 cell, it is evidently coupled to the self discharge reaction under 
"At the Platinum Electrode or on Any Nio Surface" (Table 3), because O 2 does not 
accumulate during Ni-H 2 cell self discharge. Nevertheless, in a discharged cell, the 
higher oxidation state nickel ions are spontaneously removed from the matrix by the 
electrolyte and by any hydrogen precharge, the greater the H 2 precharge, the more 
thoroughly the NiOOH can be removed from the matrix. Inasmuch as residual NiOOH 
is always found in Ni-H 2 cells, even those stored for long periods with a hydrogen 
precharge, it can be said that this reduction process is not absolutely complete. 

The intrinsic nature of each electrode in a fully discharged cell is very much a function 
of the precharge on the cell (Tables 4A and 4B). With either cell design, the open 
circuit voltage of the positive electrode should lie at least 100 mV positive of the 
negative electrode (Table 5). This means that in either design the positive electrode is 
inherently electron-deficient with respect to the negative electrode. When, however, 
the electrodes are shorted together after full discharge, the potential of each electrode 
is driven to exactly the same value and this causes the positive electrode to become 
artificially electron-rich (and the negative, artificially electron-poor). This electron-rich 
environment will enhance the reduction NiOOH defects in the active material. This is 
why cells stored shorted consistently show a greater proclivity for the secondary 
plateau (Table 2). On the other hand, when a cell is stored at open circuit after 
discharge, each electrode remains at its intrinsic rest potential and an artificially 
electron-rich (reducing) environment is not created within the positive electrode. 
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Purely in terms of mitigating the secondary voltage plateaujt is ap^rem that 
neqative limited cell (that with a positive precharge) is preferable. With its positive 
precharge a higher concentration of NiOOH defects remain in the active mater ' a ' 
matrix after fully discharging the cell. But other storage issues should be considered 
Because N^COH can beUrced by HsO to produce Oa, as MM earirer, „ should 
not be exDected that a negative limited cell will retain its precharge as NiOOH. Rather, 
on prolonged storage, the positive precharge is probably inventoried as O2 9 as - e 
disadvantage of this is that the precharge is then no longer confined ^ the posit've 
electrode; it is free to move throughout the cell. As the cell is recharged H 2 win be 
qenerated at the negative electrode, and the H2 + O2 recombination to form H2O will 
quickly follow But prior to recharge, the liberated oxygen gas can be problematic In 
^kaHne solutionis in the Ni-H 2 cell, oxygen can readily dissolve platinum metal 

from the negative electrode by: 


2 pto + O2 + 4 OH- + 2 H2O 


2 Pt(OH) 42 - 


Other platinum oxidation processes can be written, and all of them show that the 
platinum becomes a soluble material which can diffuse throughout the cell. Only t 
oxidized platinum which remains in contact with the negative electrode would be 
reduced back to Pt metal on charging the cell. When thenegahve^ 
shorted, the oxidation of Pt from the negative can proceed without the need for the O2 
shuttle. In this case the electron deficiency created at the negative is enough to drive 
the oxidation reaction. 

^hetos^some capacity after prolonged storage of Ni-Ha batteries and battery cells 

is unavoidable; it is simply a consequence of confining several ele " ient ®’ 1 \ , 
existing in two or more oxidation states, to a single container for extended P enods - 
Thermodynamical ly , the oxidation-reduction reactions are highly spontaneous as are 
the deleterious dehydration reactions which cause the active matenal to lose its 
conductivity But the rates of these reactions, particularly below room temperature 

slew to make capacity losses acceptably small. Other measures, 
besides low temperature storage can further decrease the rate of capacity-drain ng 
reactions The discharge prior to cell storage should be somewhat modest, i.e. it 
should not be so thorough as to drive both electrodes to the same voltage (a zero volt 
open circuit condition). The use of minimal hydrogen precharge, and open circuit 
storage of the cells also slow the reduction of NiOOH in the active material. With such 
relatively simple precautions, it should be possible to store N1-H2 batteries and battery 
cells for prolonged periods with virtually no capacity loss to a low voltage plateau. 
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CELL VOLTAGE 



CAPACITY 


Figure 1 Two discharge profiles: one with a small secondary plateau and another 
with a significant secondary plateau. 


November 1-3, 1988 


341 




RELATIVE ENERGY 


ENERGY LEVEL DIAGRAM 
for Ni/H2 CELL 



Figure 2. Relative energies of electrons in the various materials in the Nickel- 
Hydrogen cell electrodes. For a single electron the ordinate is expressed in electron 
volts; for one Coulomb, this axis would be in expressed Joules. 
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PARALLEL RESISTOR MODEL 



Figure 3. A parallel resistor model illustrating the many different resistive barriers 
between the nickel sinter and the active material. The boxes represent regions of 
active material, and the arrows within those boxes are in the direction of the charging 
reaction. The length of a particular resistor is an indication of its relative resistance. 
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From: A.H. Zimmerman and P.K. Effa, Nickel Hydroxide Active Material 
Densities . Aerospace Technical Memorandum SD-TR-88-02, Aerospace 
Corporation, El Segundo, CA 90245-4691 . 



Figure 4 The volume of active material as a function of state of charge for a nickel 
electrode containing 10% cobalt hydroxide in the active material. 
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Table 1 


CHARACTERISTICS of the SECONDARY 
VOLTAGE PLATEAU PROBLEM 


It diminishes useful capacity (up to 30% loss). 

The total capacity is essentially retained, but a 
significant portion is shifted to a 
discharge voltage of less than 0.9 V 


It develops relatively slowly, even at room temperature. 


The rate of development is clearly affected by temperature. 
It is almost non-existent at 0°C and below. 


The severity of the problem depends upon cell precharge. 

It is sensitive to the presence of H 2 pressure. 


The plateau is more prominent in cells stored shorted. 


It diminishes charge efficiency. 

Cells with this plateau show premature oxygen 
evolution. 


Capacity loss can be recovered with severe overcharging. 

The problem is somewhat mitigated with trickle charge. 

It seems to be sensitive to physical properties (rigidity) of the 
plaque. 
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Table 2 


REFERENCE DATA 

From: H Vaidyanathan, Long-Term Storage of NickgL 
Hydrogen Cells . COMSAT Laboratories, Clarksburg, MD 
20871 -9475 

Five cells were fully discharged and stored open-circuit at room 
temperature. After 30 days, all five cells had retained at least 
71% of initial capacity. 

Fully discharged cells stored open circuit at 0°C retained more 
than 90% of initial capacity after 253 days in storage, and cells 
stored at -20°C showed 1 03% of initial capacity after similar 
storage period. 

With -20°C, 0°C, and room temperature storage of fully 
discharged, open circuited cells, those with a negative 
precharge (residual H2 pressure after discharge) always lost 

the greater fraction of initial capacity. 


From:B. Vyas and M.P. Bernhardt, Effects of the Mode of 
Storage on the Capacity F ading of the Sintered Nickel 
Electrode. 1981 Goddard Battery Workshop. 

Loss in Capacity for Ni-Cd Cells 

STORAGE CONDITION STORAGE TEMPERATURE 

Room Temp. 60 °C £Q°£ 

Shorted 5 30 37 

Open Circuit 2 6 17 
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Table 3 


Reactions of Interest 


Charge 

At the Nickel Electrode 

Ni(OH)2 + OH- -► 

NiOOH + OH- -► 

At the Platinum Electrode 

2 H 2 O + 2e- -► 

Overcharge 

At the Nickel Electrode 

4 OH- 

At the Platinum Electrode 

2 H 2 O + 2e- -► 


NiOOH + H 2 O + e- 
Ni02 + H 2 O + e- 

H 2 + 2 0H- 


2 H 2 O + O 2 + 4 e* 


H 2 + 2 OH- 


Self Discharge 

At the Nickel Electrode 

4 NiOOH + 2 H 2 O _► 4 Ni(OH )2 + O 2 

2 NiOOH + H 2 -► 2 Ni(OH )2 

Ni02 + H 2 _► Ni(OH)2 


At the Platinum Electrode or on Any Ni<> Surface 

2 H2 + 02 -► 2 H 2 O 
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Table 4B 

THE NEGATIVE LIMITED CELL 

-Will contain no residual hydrogen, not even adsorbed to the 
negative electrode. 

-Will contain electrochemically available NiOOH in the positive 
electrodes. 

-All remaining NiOOH will continue to be reduced, but by H 2 O 
only. 

-Oxygen gas could accumulate in the discharged cell. 


Shorted for Storage 

-Both electrodes will be driven to the same potential. 

-The positive electrode will enhance oxidation at the negative 
electrode, and with no adsorbed H 2 to be oxidized: 

2 Pt + O 2 + 2 H 2 O + 4 OH- -► 2 Pt(OH)4 2 - 

-The negative electrode will drive electrons into the positive 
electrode thereby accelerating the reduction of electrochemically 
available NiOOH. 


Open Circuit for Storage 

-Each electrode is allowed to achieve its rest potential. 
-Neither electrode drives the other. 
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Table 4 A 


THE POSITIVE LIMITED CELL 

-Will contain a residual pressure of hydrogen gas after full 
discharge. The negative electrode will, therefore, contain 
adsorbed hydrogen. 

-Will contain no electrochemically available NiOOH in the active 
material (positive electrode) after full discharge. 

-Non-electrochemically available NiOOH will continue to be 

reduced, either by H2O or by H2. The extent and rate of this 

reduction will depend largely on the amount of H2 precharqe. 


Shorted for Storage 

-Both electrodes will be driven to the same potential. 

-This will enhance oxidation of the adsorbed layer of H2 at the Pt 
(negative) electrode. 

-Reduction of Ni(OH )2 and Co(OH )2 in the positive electrode will 
be enhanced. 

-The artificially induced reducing environment in the nickel 
(positive) electrode will drive the reduction of NiOOH. 

Open Circuit for Storage 

-Each electrode is allowed to achieve its rest potential. 

-Neither electrode drives the other. 
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Table 5 


ESTIMATES of ELECTRODE REST 

For Two Cell Designs 

The positive limited cell : 

The negative electrode is Pt/ H 2 , OH- 
The positive electrode is Ni/ Ni(OH)2, OH" 

The neg ative limited cell: 

The negative electrode is Pt/ Pt(OH)2, OH- 

The positive electrode is Ni/ Ni(OH)2, NiOOH 


POTENTIALS 


E = -0.85 V vs N.H.E. 
E = -0.73 Vvs N.H.E. 

E = +0.15 V vs N.H.E. 
E = +0.47 Vvs N.H.E. 
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Table 6 


SUMMARY 

.The active material in a fully discharged cell is a mixture of a-Ni(0H)2, p- 
Ni(OH)2, and higher oxidation state hydroxides of Ni, principally p-NiOOH. 

-This material is an excellent electrical conductor and therefore is easily 
charged. 

-The excellent conductivity is due to: 

.The presence of a-Ni(OH)2 because of its open 
lattice which holds H2O molecules between Ni-O 
planes. 

.The presence of Ni(lll) and Ni(IV) hydroxides and 

oxides. These create defects in the p-Ni(OH)2 lattice as it forms. 

Also, these hydroxides do not readily dehydrate. 

-Over extended storage: 

.The bivalent hydroxides dehydrate, and the oxyhydroxides are 
reduced. 

.A highly ordered form of beta-Ni(OH)2 slowly forms. This material is 
a poor electrical conductor. 

-Dehydration is thermodynamically favorable and is accelerated by: 
.Elevated temperature 

.Compression of the active material by rigid plaque. 

-Reduction of the oxyhydroxides is also thermodynamically favorable and is 
accelerated by: 

.High pressure hydrogen (hydrogen precharge) 

.Shorting the positive electrode to the negative electrode during 
storage 
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Table 7 


RECOMMENDATIONS 

-Use minimal negative precharge after cell activation. 

-Store cells at low temperature (ca. 0°C). 

-Store cells in open circuit condition after full discharge. 
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Table 8 


ADDITIONAL REFERENCES 


P.C. Milner and U.B. Thomas, Advances in Electrochemistry and 

Electrochemical Engineering, Interscience Publishers (1967), New 
York, C.W. Tobias (ed.), 5, 1-86. 


R.S. McEwen, “Crystallographic Studies on Nickel Hydroxide and the 
Higher Nickel Oxides,” J. Phys. Chem., 1782-1789, 75, (1971). 


R. Barnard, G.T. Crickmore, J.A. Lee, and F.L. Tye, ‘The Causes of 
Residual Capacity in Nickel Oxyhydroxide Electrodes,” J. Appl. 
Electrochem., 10, 61-70, (1980). 


D.H. Fritts, “The Mechanics of Electrochemically Coprecipitated Cobalt 
Hydroxide in Nickel Hydroxide Electrodes,” J. Electrochem. Soc., 129, 
118-122,(1982). 


B. Mani and J.P. de Neufville, “Dehydration of Chemically and 
Electrochemically Impregnated (Cl and El) Nickel Hydroxide 
Electrodes, J. Electrochem. Soc., 135, 800-803, (1988). 
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Electrolyte Concentration Effects 
on Ni-H2 Battery Cells 

A. Gibney 

Lockheed Missiles and Space Co. 

R. Whiteley 

Pacific University 

R. Baker 

Eagle-Picher Industries 
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- Actual post-conditioning sloctrolgto concentration shoton 
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Figure 1 Electrolyte wt in DP A cel/ components 

® (corrected for carbonate) 
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Figure 2 Electrolyte cone in DP A cell components 

(corrected for carbonate) 
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Figure 3 Plate thickness in DPfi cells 
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Table 2 ACCEPTANCE DATA, 28 . 6 % vs 36 . 7 % 
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R NH -90-3 EM-2 ACCEPTANCE TEST 

OC Capacity Test 

SECOND CYCLE CHARGE, May 5, 1988 
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Figure 5 RNH-90-3 EM-2 ACCEPTANCE TEST 

OC Capacity Test 

SECOND CYCLE DISCHARGE and SHORT DOWN 
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Figure 6 RNH-90-3 EM-2 ACCEPTANCE TEST 

IOC Capacity Test 
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Figure 7 RNH-90-3 EM-2 ACCEPTANCE TEST 

IOC Capacity Test 

SECOND CYCLE DISCHARGE and SHORT DOWN 
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Figure 9 RNH-90-3 EM-2 ACCEPTANCE TEST 

20C Capacity Test 

SECOND CYCLE DISCHARGE and SHORT DOWN 

May 5, 1988 
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l o End-of-Charge Pressures during Acceptance 
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Table 3 hst nih? atp test data summary 
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Figur. 11 RNH-90-3 TM1 
ACCEPTANCE TEST PROCEDURE 

S/N 107 — Discharge at Temperature 
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Figure 13 Em-2 Self-Discharge at 24 deg C 
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Figure M Em-2 Self-Discharge at 24 deg C 
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Figure 15 Self-Discharge Rate Constant 

° as a function of KQH concentration 
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Table 4 charge return during trickle charge o°c, 

FOLLOWING CHARGE AT 9.3A TO 1.52V 


Run No. 

Cell No. 

16 

i£ 

20 

11 

11 

21 

1 . 

Baseline cap. 

68.0 

68.5 

68.0 

68.16 

66.5 

66.9 

2. 

.5h, .5A 
(.25Ah in) 

68.1 

68.6 

68.2 

67.6 

65.9 

66.4 


/\ to baseline 

+ . 1 

+.1 

+.2 

-.56 

-.6 

-.5 


Tr. ch. efficiency 

40% 

40% 

80% 




3. 

l.Oh, .5 A 
(.5Ah in) 

68.2 

68.8 

68.3 

67.9 

66.2 

66.5 


A to baseline 

+.2 

+.3 

+.3 

-.26 

-.3 

-.4 


Tr. ch. efficiency 

40% 

60% 

60% 




4. 

5.0h, .5A 
(2.5Ah in) 

69.4 

69.7 

69.1 

68.7 

67.2 

67.5 


A to baseline 

+ 1.4 

+1.2 

+1.1 

+.54 

+.7 

+.6 


Tr. ch. efficiency 

56% 

48% 

44% 

22% 

28% 

24% 

5. 

.2h, 3.0A (.6Ah) 

68.8 

69.5 

69.1 

68.0 

66.3 

66.7 


A to baseline 

+.8 

+ 1.0 

+1.1 

-.16 

-.2 

-.2 


Tr. ch. efficiency 

125% 

166% 

183% 




6. 

•5h, 3.0 A (1.5 Ah) 

69.7 

70.3 

69.9 

69.0 

67.4 

67.7 


A to baseline 

+ 1.7 

+1.8 

+ 1.9 

+.74 

+.9 

+.8 


Tr. ch. efficiency 

113% 

120% 

127% 

49% 

60% 

53% 
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Table 5 CHARGE RETURN DURING TRICKLE CHARGE 24°C, 
FOLLOWING 16 H CHARGE AT 9.3A 


Run No. Cell No, 

IS 

11 

21 

12 

12 

U 

1 . 

Baseline cap. 

82.4 

82.0 

81.6 

91.3 

90.9 

91.5 

2. 

24h, .5A 

79.8 

78.6 

76.3 

91.8 

91.0 

91.8 


(12 Ah in) 

A to baseline 

-2.6 

-3.4 

-5.3 

+.5 

+.1 

+.3 


Tr. ch. efficiency 

<0% 

<0% 

<0% 

-0% 

~0% 

~0% 

3. 

96h, .5A 

80.0 

78.7 

78.3 

90.1 

89.4 

89.6 


(4 8 Ah in) 

A to baseline 

-2.4 

-3.3 

-4.1 

-1.2 

-1.5 

-1.9 


Tr. ch. efficiency 

<0% 

<0% 

<0% 

<0% 

<0% 

<0% 

4. 

24h, .25 A 

76.5 

75.1 

72.4 

85.6 

85.3 

86.0 


(6 Ah in) 

A to baseline 

-5.9 

-6.9 

-9.2 

-5.7 

-5.6 

-5.5 


Tr. ch. efficiency 

<0% 

< 0 % 

<0% 

<0% 

<m 

<0% 


378 


NASA/GSFC Battery Workshop 



Figure 16 E1I1-1 Orbital Cycling Performance 
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Figure 17 Em-2 Orbital Cgcling Performance 
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Figure IB EII1-2 Orbital Cgcling Performance 
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SAFE-LIFE VERIFICATION IS QUESTIONABLE IF RESIDUAL STRESSES ARE NOT 
CONSIDERED 

• HISTORICALLY HAVE NOT BEEN ASSESSED 
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RESIDUAL STRESS ANALYSIS 

- PRESSURE VESSEL PURCHASED FROM NIH 2 CELL MANUFACTURER (S1.75K) 

- SOURCE FOR NEUTRON DIFFRACTION IDENTIFIED - PR RELEASED (S8.5K) 

- SAMPLES ASSESSED VIA X-RAY DIFFRACTION 
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CAPACITY FADING OF Ni/H 2 CELL 
ON OPEN CIRCUIT STORAGE 
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STORAGE TIME, days 



RECOVERY OF FADED CAPACITY 
of A Ni/Ho CELL 
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3 Co(OH>3 + 1/2 H2 = C03O4 + 5 H2O 
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X-RAY DIFFRACTION PATTERNS 

C03O4 AND BROWN RESIDUE FROM Ni ELECTRODE 
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REACTION OF COBALT WITH H2 MIGHT CAUSE 
CAPACITY FADING 



NIH2 BATTERIES AND THEIR 
APPARENT VARYING H2 
PRECHARGE 


(NOT SUBMITTED) 


PAUL RITTERMAN, COMSAT 
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CELL FEATURE 
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BOILER PLATE CELL TEST 
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CELLS UNDER TEST 
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(AFTER 1000 CYCLES) 
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Draft of presentation: 

Evaluation of developing Ni-H2 cell components" 1983. GSFC/Battery Workshop 

Last year, ve presented the halfway status of Ni-H2 cell development in Japan, 
and mainly showed the results of R&D focused on each component such as 
electrodes, pressure vessel and terminal. 

The mechanical features of Ni-H2 cell had been specified, and now we are 
validating the fabrication process of mechanical components and cell. 

On the other hand, cell system studies focused on the electrical performance had 
been initiated at the beginning of this year, succeeding R&D of elecrochemical 
components . 

I m going to present some results of the cycle tests that we are conducting now 
to specify the electrochemical features of Ni-H2 cell stack. 

Fig. 1 

Here are requirements of Ni-H2 cell and ceil configuration. 

The reuirements explicitly provide only for GEO mission because cell development 
involved Ni-H2 battery space experiment on GEO. 

However, life of 30.000 cycles at 40X D0D is also expected for LEO applications 
in the development. 

Maximum operating pressure of 70 kg/ sq.cm is specified for vessel design . 

The cell stack consists of 34 pairs of electrodes with a back-to-back 
configuration . 

To examine the several different kinds of electrodes and separator advanced in 
preceding R&D, and the effect of some additives, we are evaluating the cells 
whose electrochemical features are summarized in next figure. 

Fig. 2 

On the positive electrode, substrate is made of dry sintered nickel porous 
plaque on nickel screen mesh. 

Nickel hydroxide is impregnated on substrate by electrochemical method. 

N-STD is a electrode with cobalt hydroxide as a additive. 

N-CD3 is a electrode containing cadmium hydroxide as well as cobalt additive. 


November 1-3, 1988 


427 



On the negative electrode, catalyst layer of H-S10 is made from mixture with Pt 
black catalyst and PTFE binder, and is thermally treated after pressed over 
nickel mesh grid. 

H-DP is a electrode containing two different sized pores, large pores of which 
are formed through thermal decomposition of some agent added to the catalyst 

layer. 

This electrode H-DP showed lower polarization than H-STD as presented later, and 
become a promising electrode at present. 

On the separator, S-ZA1 is a paper made of Buthyl latex binder and fiber mixture 
which consists of zircon ium - oxide and asbestos. 

S-ZA2 is a modified paper with dual layer structure. 

S-TF uses PTFE instead of Buthyl latex. 

The stack of BP1, BP 2. RM1 and so on are put into boiler-plate case, which has 
the same inner diameter as the cell pressure vessel. 

PV1, PV2 and PV3 are flight type cells, using developed pressure vessels. 

On the other hand, the stack of RM1 and so on consist of 12 pairs of electrode, 
so approximately one third scale model for those of BP1 and BP2- 
Additionally , the potassium hydroxide electrolyte of RM5 and RM6 contains 
lithium hydroxide as a additive. 

Another design parameters such as preload on the stack and hydrogen pre-pressure 
were set up at the same level in cell assembly process. 

Fig. 3 

This table briefly summarizes design features of each electrodes and separator. 
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On the cell evaluations, we are conducting two kinds of cycle test. 

One means severe cycle regimes, accelerating the conditions of LEO app lica t ions . 
The other simulates the cycle regimes of GEO applications. 

Fig. 4 

Here are cycle regimes, and we simply call them as LEO and GEO simulation test. 
Fig. 5 

Concerning temperature control, heat from boiler-plate cells is rejected by 
circulating coolant around the case wall. 

Fig. 6 

Flight type cells are put into the test box in which coolant is circulating 
around the cells. Pressure is measured by transducer connecting fill tube. 

Now, I'm going to present some results of cycle tests, especially of LEO cycle. 
Up to now, GEO cycle tests did not show any distinct results from LEO. 

This may be due to lower stress for the cell stacks. 

Fig. 7 

This is a comparison of the initial charge and discharge characteristics of BP1 
and PV 1 , which have the same stack with put into different case. 

The difference in voltage is mainly due to Ohmic resistances of terminal and so 
on . 


Fig. 8 

This is data of BP 1 and PV 1 at 500 cycles. 

The pressure increase during the cycle test is about 2 kg/ sq.cm on PV1 and about 
6 kg/ sq.cm on BP1. We consider it is very important issue to limit the pressure 
increase in Ni-H2 cell. 

Fig. 9 

This is data of RM2 and RM4 at 2nd cycle. 

RM4 used H-DP as negative electrodes, and shows better voltage characteristics 
than RM2 using H-STD. So, we consider H-DP with two dfferent sized pores is a 
promising negative electrode. 
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Fig. 10 


This is data of RM4 , RM6 and RM12 at 1200 cycles. 

RM6 contains lithium hydroxide in electrolyte. 

R!112 uses N-CD3 positive electrode containing cadmium hydroxide besides cobalt 
hydroxide . 

We are concerned about Cd migration to negative electrodes in RM12. but there 
are not any signs of Cd migration from an electrical view point. 

The voltage rise of RM6 at the latter part of charge is very clear, and will be 
convenient to charge control systems. 

Fig. 11 

This shows charge characterist ics of RM6 in initial capacity measurement. 

Fig. 12 

This is similar data of C M6 ; ter 1000 cycles. 

The voltage rise at the latter part of charge occurs about 60 minutes earlier. 
And. there is E0C pressure increase of about 1 kg/ sq.cm from initial measuement. 

Fig. 13 

This shows discharge characteristics of RM6 in initial capacity measurement. 

Fig. 14 

This is similar data of RMS after 1000 cycles. 

Discharge time until ceil voltage reached 1.0 volt is about 10 minutes shorter, 
but there are not found any degradations in voltage. 

Now we are fabricating the 16 flight type cells for EM space experiment battery. 
These cells have the same electrochemical features as RM6, which has indicated 
good performance up to now. 

However, we have about one year until specifying the design features of a space 
experiment cell. 

So, we will continue system studies including DPA of cells now under testing and 
the cell evaluations with newly advanced features, in order to improve the Ni-H2 
cell performance. 

Fig. 15 

At the end, this summarizes main issues we have to take measures with the ceil 
evaluations. 


430 


NASA/GSFC Battery Workshop 




o 

a 


GO 

I 

E9 


*3 


S; 

§ 

I 


E-h 

3 


a 

£ 


ftn 

I 

a? 

s 

% 

I 

3 


i 

3 * 
§ 


Ei 

CQ 


3 

as 



N 



Cs< 



O 

o 

cb 

CO 


CD 

ll 

QC 


November 1-3, 1988 


431 


1988 NASA/GSFC BATTERY WORKSHOP 




POWER TECHNOLOGY DIVISION 



RFG88 001 .2 




POWER TECHNOLOGY DIVISION 




9 o 


Z E DC 
< < 
1 1 1 Q. 
CO 7 LU 


3 LU 
CD CO 

CO LU 


_J CD 

o <*> 


o S: 

LU ^ 


O LU 

CO —I 
LU O 
O CL 

LU 


£ 2 


9 CO 


< « 
EE o 


o 52 
s — 1 EE 

;3 O O 

2 « 2 

o EE Lu 

Q. M CO 



November 1-3, 1988 


433 


RFG88-001.3 




POWER TECHNOLOGY DIVISION 



434 


NASA/GSFC Battery Workshop 


RFG08OO1.4 




POWER TECHNOLOGY DIVISION 




November 1-3, 1988 


435 


CO-88-37692 


POWER TECHNOLOGY DIVISION 



o w 

uj CD 

“I cr 


Q 

£ o 

h- r-~ 

LL CO 


CO <=> 

LU T 

CD -" 
< II 

!□ o 
o o 

Q 

LU O 

CD Q 
DC .o 



CO 

a> 

<T> 

<y> 

O 


CO 

LO 

o 

cn 

C\J 

CVJ 

CVJ 


LO 

to 

CVJ 

T“— 


CVJ 

CVJ 

CVJ 

OJ 

CVJ 

CVJ 

CVJ 

CVJ 

't— 


-1— 

T— 

-r- 


'f— 

T 

** — 




(NCO^tncONCOO) 


436 


M4&4/C/SFC Battery Workshop 


RFG88-001 5 




POWER TECHNOLOGY DIVISION 



November 1-3, 1988 


437 


RFG88-001.6 















POWER TECHNOLOGY DIVISION 



438 


NASA/GSFC Battery Workshop 


CELL NUMBER 



POWER TECHNOLOGY DIVISION 


c 

© 

O 

n 

u 

W 

s 

© 

x 




CO 

o 

CO 

o 

o 

o 


col 


UJ 0 

Q.O 

£ o 

§2 


P-o 

CO __ 
1 1 1 w 


LU 

X 

LU 


CO 

ol 

LU 

O 

o 

o 


o 

Zj 

o 

o 


M 


CO 

=l£ 

LU 

O LU 

uj m 
Z < 
LU GC 

d< 

>“ Q. 


LU 


O 

□_ 

I 

LU 


O 

LU 


CO 


CO 

CO LU 

^ z 

t— LU 


CO 

GC 

O 


LU 

CO 


P LU 

LU O 

>- <c 
_i co 
O to 
CL< 

LU°“ 


< ° 
t x 
1-0 


CC CC 

O LU 

X 


1 - H- 

LL. h- 

=>o 

< o co 

GC < uj 

< CC —1 
OL < O 
HI I >- 

CO o o 

°£co 

w 0 Ij 

ujguj 

z^° 

co zi 
2 ° 

£>:« 
LU CD o 

< < co 
S<->o 
Sap 

O 
— 1 LU 
< X 

z coS 

O Nl CO 

X < 

o J DC 

LL. LU 

LU LU 

cc o m 

> a. 

^ LU O 

LU z co 

LU CL 

1 — O LL- 

OL < < 

CO < 


CO 


GC 

GC 

< 


CO 


CCO 

< 

a. h- 
lu x 
co o 


LU O 


o 

CL 


2 UJ 

°BC 
CC LU 


E 5 

ISJ LL 


o 

o 

cb 

CO 

a 

LL 

QC 


November 1-3, 1988 


439 




440 


NASA/GSFC Battery Workshop 



LIST OF ATTENDEES 


pmcknnc PAGE blank not fumed 


PAQE — — SNTFNTJC^LLY BLANK 


November 1-3, 1988 


441 



442 


NASA/GSFC Battery Workshop 



Menahem Anderman 

ACME Electric 

528 W. 21st Street, #6 

Tempe, AZ 85282- 

telephone number: (602)894-6864 

John A. Andrasik 
NASA/Lewis Research Center 
21000 Brookpark Road 
MS 501-4 

Cleveland, OH 44135- 
telephone number: (216)433-2358 

Isaac Angres 
Self Employed 
6 War Admiral Ct. 

Gaithersburg, MD 20878- 
telephone number: (301)926-2742 

Anthony Applewhite 

Ford Aerospace Corporation 

3825 Fabian Way 

Palo Alto, CA 94303- 

telephone number: (415)852-5048 

Daniel Augenstene 
DOJ 

8199 Backlick Road 

Lorton, VA 22079- 

telephone number: (202)324-2800 

Wilbert L. Barnes 
NRL/Bendix 
Code 8112 

4555 Overlook Ave. , S.W. 
Washington, DC 20375- 
telephone number: (202)767-6517 

Gary L. Bennett 
NASA Headquarters 
Code RP 

Washington, DC 20546- 
telephone number: (202)453-2843 

E. R. Berry 

The Aerospace Corporation 

MS M4/988 

P.O. Box 92957 

Los Angeles, CA 90009-2957 

telephone number: (213)336-1027 


Sam Birken 

The Aerospace Corporation 

MS M4/986- 

P.O. Box 92957 

Los Angeles, CA 90009-2957 

telephone number: (213)336-6080 

William Boyd 
Acme /Aero 

3675 So Crmg Circle 

Salt Lake City, UT 84109- 

telephone number: (801)596-0075 

Wayne Brem 

Allied Signal 

3799 Buckingham Drive 

Doyles town, PA 18901- 

telephone number: (215)348-5152 

Jack N. Brill 

Eagle-Picher Industries, Inc. 
P.O. Box 47 
Joplin, MO 64802- 
telephone number: (417)623-8000 

Doris L. Britton 
NASA/Lewis Research Center 
21000 Brookpark Road 
MS 309-1 

Cleveland, OH 44135- 
telephone number: (216)433-5246 

John Broadhead 

AT & T Bell Laboratories 

Room IE-244 

600 Mountain Ave. 

Murray Hill, NJ 07974- 
telephone number: (201)582-6159 

Mike Brookman 

DME Corporation 

111 S.W. 33rd Street 

Ft. Lauderdale, FL 33315- 

telephone number: (305)463-5066 

Jim Brooks 

Eagle-Picher Industries, Inc. 
3820 South Hancock 

Expressway 

Colorado Springs, CO 80911- 
telephone number: (719)392-4266 


PWieiD*N€ P*GE BLANK NOT FK.MEC 


November 1-3, 1988 


443 



Dung Q. Bui 
FDA/CDRH 

12720 Twinbrook Parkway 
Rockville, MD 20857- 
telephone number: (301)443-2536 

Kathie Burch 
COMSAT Laboratories 
22300 Comsat Drive 
Clarksburg, MD 20871- 
telephone number: (301)428-4503 

Todd Burke 
COMSAT Laboratories 
22300 Comsat Drive 
Clarksburg, MD 20871- 
telephone number: (301)428-4503 

Brad Burris 

Eagle Picher Industries 

C & Porter 

Joplin, MO 64801- 

telephone number: (417)623-8000 

Robert B. Byrnes 

Dept, of Army 

27 Kelvin Drive 

Stafford, VA 22554- 

telephone number: (202)695-3516 

Boyd Carter 

The Aerospace Corporation 
P.0. Box 92957 
Los Angeles, CA 90009- 
telephone number: (213)336-5052 

James J. Ciesla 

DME Corporation 

111 S.W. 33rd Street 

Ft. Lauderdale, FL 33315- 

telephone number: (305)463-5066 

Dale Cochran 

Martin Marietta Astronautics 
P.O. Box 179, MS 8041 
Denver, CO 80201- 
telephone number: (303)977-6987 

Dennis B. Cooper 
INTELSAT 

3400 International Dr. NW 
Washington, DC 20008-3098 
telephone number: (202)944-7349 


Ed Cruz 

Ford Aerospace Corporation 
3825 Fabian Way 
Palo Alto, CA 94303- 
telephone number: (415)852-6633 

Harry Culver 
NASA/GSFC 
Code 711.1 

Greenbelt, MD 20771- 
telephone number: (301)286-6841 

Don Curtis 

Texas A&M University 

Dept, of Chemistry/Eng. 

C. Station, TX 77843- 
telephone number: (409)845-3307 

George Dakerman j i 
Fairchild Space Company 
MS A- 14 

20301 Century Blvd. 

Germantown, MD 20874- 
telephone number: (301)428-6394 

Penni Dalton 

Naval Weapons Support Center - CRANE 
Code 30561, Building 2949 
Crane, IN 47522- 
telephone number: (812)854-1593 

Ivan Danzig 

6812 Wild Rose Court 

Springfield, VA 22152- 

John Day 
NASA/GSFC 
Code 711.2 

Greenbelt, MD 20771- 
telephone number: (301)286-5752 

Dan Dell 

Gates Aerospace Batteries 
P.O. Box 2520 
Gainesville, FL 32602- 

Joseph K. Dermott 

Martin Marietta 

MS 8040 

P.O. Box 179 

Denver, CO 80201- 

telephone number: (303)977-5881 


444 


NASA/GSFC Battery Workshop 



Sal Di Stefano 

Jet Propulsion Laboratory 

4800 Oak Grove Drive 

MS 189-100 

Pasadena, CA 91109- 

telephone number: (818)354-6320 

Harrison S. Dodge 
FDA 

12720 Twinbrook Parkway 
HFZ141 

Rockville, MD 20850- 
fts number: (888)443-2536 

Gary Dodson 

Eagle-Picher Industries, Inc. 

P.O. Box 47 

Joplin, MO 64802- 

telephone number: (417)623-8000 

Mike Domeniconi 

Lockheed Missies & Space Co, Inc. 
1111 Lockheed Way 
0/62-12 
B/551 

Sunnyvale, CA 94088- 
telephone number: (408)743-7267 

Sam Donley 

The Aerospace Corporation 
P.O. Box 92957 
MS M2/275 

Los Angeles, CA 90009- 
telephone number: (213)336-4103 

Joseph R. Driscoll 

Lockheed Missiles & Space Co, Inc. 
P.O. Box 3504 
0/62-12 B/551 

Sunnyvale, CA 94088-3504 
telephone number: (408)743-2639 

Capt. Ross Dueber 
U.S. Air Force 
Dept, of Chemistry 
USAF Academy 

Colorado Springs, CO 80840-5000 
telephone number: (719)472-3240 

Orville O. Dunham, Jr. 


James Dunlop 
COMSAT Laboratories 
22300 Comsat Drive 
Clarksburg, MD 20871- 
telephone number: (301)428-4503 

Andrew F. Dunnet 
INTELSAT 

3400 International Dr. NW 
Washington, DC 20008- 
telephone number: (202)944-7245 

Alan D. Eales 
British Aerospace Pic. 

Argyle Way 
Stevenage 

telephone number: (438)736-610 

Martin Earl 
COMSAT Laboratories 
22300 Comsat Drive 
Clarksburg, MD 20871- 
telephone number: (301)428-4503 

Tim Edgar 

Eagle-Picher Industries, Inc. 
3820 South Hancock 

Expressway 

Colorado Springs, CO 80911- 
telephone number: (719)392-4266 

Marlon Enciso 
NASA/GSFC 
Code 711.1 

Greenbelt , MD 20771- 
telephone number: (301)286-5070 

Patricia H. Enns 

The Aerospace Corporation 

2350 El Segundo Blvd. 

El Segundo, CA 90245- 
telephone number: (213)336-5902 

Rolan Farmer 

Eagle-Picher Industries, Inc. 
3820 South Hancock 

Expressway 

Colorado Springs, CO 80911- 
telephone number: (719)392-4266 


National-Standard Comp. /Woven Products 
Industrial Blvd. 

P.O. Box 1620 

Corbin, KY 40701- 

telephone number: (606)528-2141 


Div Richard A. Flake 
US Air Force 
AFWAL/POOS-2 
Area B, Bldg. 18 
Wright-Patterson AFB, OH 45433- 
telephone number: (513)255-7770 


November 1-3, 1988 


445 



Nicanor Flordeliza 
GE American Communications 
4 Research Way 
Princeton, NJ 08540- 
telephone number : (609)987-4453 


John Garske 
U.S. Navy 


580 Fox Hunt Circle 
Highlands Ranch 
Highlands Ranch, CO 80126- 

^ r _ _ / n n \ D *7 Q - 

i _ T w M m rsn m r\ A r 1 


> ^ ^ \ m n O 07Q 


Walter Fohrmann 

AEG Aktiengesellschaf t 
IndustriestraBe 29, 

D-2000 Wedel „ 

telephone number: (041)036-0479 

Robert W. Francis 

The Aerospace Corporation 

2350 E. El Segundo Blvd. 

El Segundo, CA 9024 ;?* 
telephone number: (213)336-6272 


David H. Fritts 
U.S. Air Force 
Aero Propulsion Laboratory 
AFWAL/ POOS - 2 

Wright-Patterson AFB, OH 45433- 
telephone number: (513)255-2372 


Kenneth H. Fuhr 

Martin Marietta Astronautics 

P.O. Box 179 

MS S-8072 

Denver, CO 80201- 

telephone number: (303)977-4495 


Stephen J . Gaston 

G.E. Aerospace Division 

P.O. Box 800 

MS 410-2-C19 

Prince tone, NJ 08540- 

1 1 _„V. onn T-»l imho 7 " • ( 609 } 426 ” 2559 


Richard M. Gerber 

The Aerospace Corporation 

2350 E. El Segundo Blvd. 


El Segundo, CA 90245-0 
telephone number: (213)416-7033 


Ann Gibney 

Lockheed Missiles and Space Company 
Org 62-12 Bldg. 551 
P.O. Box 3504 

Sunnyvale, CA 94089-3504 occ . 
telephone number: (408)248-8563 


Al Gillis 
NASA/GSFC 
Code 405 
Greenbelt , 
telephone 


MD 20771- 

number: (301)286-6776 


Randall F. Gahn 
NASA/Lewis Research Center 
21000 Brookpark Road 


MS 301-3 

Cleveland, OH 44135- 
telephone number : (216)433-6158 

fts number: (888)297 6158 


Daniel T. Gallagher 
Fairchild Space Company 


MS D-l 

20301 Century Blvd 
Germantown, MD 20874- „ eOAO 
telephone number: (301)428-6848 


Chris Garner 
Naval Research Laboratory 
4555 Overlook Avenue, SW 
Washington, DC 20375—5000 
telephone Aumber: (202)767-9075 


Elva Glover 


NASA/GSFC 
Code 713.2 
Greenbelt, 
telephone 


MD 20771- 

number: (301)286-6784 


5 eter Gluck 

Jet Propulsion Laboratory 
1800 Oak Grove Drive 
Pasadena, CA 91109- 
-oipnhnnp number: (818)354-9425 


Laura T. Goliaszewski 

John Hopkins University/ APL 

Room 23-210 

John Hopkins Road 

Laurel, MD 20707- 

telephone number: (301)953-5000 


446 


NASA/GSFC Battery Workshop 



Olga D. Gonzalez-Sanabria 
NASA/Lewis Research Center 
21000 Brookpark Road 
MS 301-3 

Cleveland, OH 44135- 
telephone number: (216)433-6158 
fts number: (888)297-6158 

Vera Gor 
TRW 

One Space Park 
R4/1036 

Redondo Beach, CA 90278- 
telephone number: (213)297-5521 

Lester A. Gordy 
U . S . Army 

8219 Running Creek CT 
Springfield, VA 22153- 
telephone number: (202)965-3420 

Jacques Goualard 
SAFT 

156 Avenue De Metz 
93230 Romanville - FRANCE 
telephone number: (331)484-3936 
fax number: (1 ) 

John G Gray 
Boeing Aerospace 
P . O . Box 3999 
M/S 8E-07 

Seattle, WA 98124-2499 
telephone number: (206)773-3655 

Robert S . Green 

GTE Spacenet 

1700 Old Meadow Road 

McLean, VA 22102- 

telephone number: (703)848-0452 

Ronald D. Hahn 

General Electric 

M2450 , VF 100 

P.O. Box 8555 

Philadelphia, PA 19101- 

telephone number: (215)354-2737 

Charles I. Hall 

NASA/MSFC 

EB12 

MSFC , AL 35812- 

telephone number: (205)544-3330 


Steve Hall 

Naval Weapons Support Center - 
Crane, IN 47522-5000 
telephone number: (812)854-1593 

Gerald Halpert 

Jet Propulsion Laboratory 

4800 Oak Grove Blvd. 

227-212 

Pasadena, CA 91109- 

telephone number: (818)354-5474 

Phil Hamilton 

GE American Communications 

95 Edsall Drive 

Sussex, NJ 07461- 

telephone number: (201)827-7900 

Dany Harel 

G.E. American Communications 
4 Research Way 
Princeton, NJ 08540- 
telephone number: (609)987-4243 

Abby Harper 
NASA/GSFC 
Code 303 

Greenbelt, MD 20771- 
telephone number: (301)286-7954 

Mike Harrison 
Gates Aerospace Batteries 
P.O. Box 2520 
Gainesville, FL 32602- 
telephone number: (904)462-3557 

JoAnn Hastings 
SAFT America, Inc. 

107 Beaver Court 
Cockeysville, MD 21030- 
telephone number: (301)771-3200 
fax number: (301)771-1144 

Gregg A. Herbert 

John Hopkins University/APL 

Room 23-210 

John Hopkins Road 

Laurel, MD 20707- 

telephone number: (301)953-5000 

Terry L. Hershey 

Aerospace Corporation 

P.O. Box 92957 

Los Angeles, CA 90009-2957 

telephone number: (213)336-1032 


CRANE 


November 1-3, 1988 


447 



Carole A. Hill 

The Aerospace Corporation 

Bldg. A-6, MS 2-275 

P.0. Box 92957 

Los Angeles, CA 90009- 

telephone number: (213)336-0175 

Albert Himy 

4207 College Heights Drive 
University Park, MD 20782- 
telephone number: (412)382-7883 

Dr. Gerhard L. Holleck 
EIC Laboratories Inc. 

Ill Downey Street 

Norwood, MA 02062- 

telephone number: (617)769-9450 

Franklin L. Hornbuckle 
Fairchild Space Company 
20301 Century Blvd. 

Germantown, MD 20874-1182 
telephone number: (301)428-6221 

Warren Hwang 
Aerospace Corporation 
2350 E. El Segundo Blvd 
El Segundo, CA 90245- 
telephone number: (213)336-6962 

Robert A. Jamieson 

The Aerospace Corporation 

2350 E. El Segundo Blvd. 

El Segundo, CA 90245-4691 
telephone number: (213)336-5225 

Anisa Jamil 
NASA/ GSFC 
Code 711.4 

Greenbelt, MD 20771- 
telephone number: (301)286-8842 

T. Jamin 
CNES 

18 Avenue E. Belin 

DRTITVEIME 

B1055 

telephone number: (612)709-38 

Joseph Jolson 
Catalyst Research 
3706 Crondall Lane 
Owings Mills, MD 21117- 
telephone number: (301)356-2933 


Quentin Kampf 
Freudenberg Nonwovens Ltd. 

221 Jackson Street 

Lowell, MA 01852- 

telephone number: (508)454-0461 

Motoya Kanda 
Toshiba 

1 Komki Toshiba -Cho 
Saiwai-Ku 

telephone number: (044)549-2053 

Jeus P. Kauschen 

AEG-GERMANY 

AEG AG Judustriesh 29 

2000 Wedel 

telephone number: (049)410-7781 

John H. Kennedy 

Whittaker-Yardney Power Systems 
82 Mechanic Street 
Pawcatuck, CT 02891- 
telephone number: (203)599-1100 

Randy Kientz 

Gates Aerospace Batteries 

P.O. Box 2520 

Gainesville, FL 32602- 

telephone number: (904)462-3557 

Brian C. Kimsey 
Aerospace Corporation 
2350 E. El Segundo Blvd. 

El Segundo, CA 90245- 
telephone number: (213)336-1665 

Glenn Klein 

Gates Aerospace Batteries 
P.O. Box 2520 
Gainesville, FL 32602- 
telephone number: (904)462-3557 

Charles Koehler 

Ford Aerospace Corporation 

3825 Fabian Way 

Palo Alto, CA 94303- 

telephone number: (415)852-5133 

Mr . Shigeki Kondo 
Mitsui & Co . , LTD 
2-1, Ohtemachi 1-Chome 
Chiyoda-Ku, Tokoyo, JAPAN 
telephone number: (032)854-524 


448 


NASA/GSFC Battery Workshop 



Saburo Kuwajima 

National Space Development Agency of 
TSUKUBA SPACE CENTER 
2-1-1, Sengen, Tsukuba-Shi 
I B ARAKI - KEN , 305 JAPAN 
telephone number: (812)985-2228 
fax number: (5 ) 

John Lahzun 
NASA/GSFC 
Code 480 

Greenbelt, MD 20771- 
telephone number: (301)286-6129 

John R. Lanier, Jr. 

NASA/MSFC 

EB12 

MSFC, AL 35812- 

telephone number: (205)544-3301 
Leo Lech 

Martin Marietta Astronautics 
P.O. Box 179, MS 8041 
Denver, CO 80201- 
telephone number: (303)977-6964 

Yen Lee 
NASA/GSFC 
Code 313.2 

Greenbelt, MD 20771- 
telephone number: (301)286-6685 

Harlan L. Lewis 
Naval Weapons Center - CRANE 
Crane, IN 47522-1593 
telephone number: (812)854-1431 

Dr . H . S . Lim 

Hughes Aircraft Company 

P.O. Box 92919 

Bldg. S41 , MS A315 

Los Angeles, CA 90009- 

telephone number: (213)416-9432 

Mark Lueker 

ARINC RESEARCH 

11770 E. Warner 

Fountain Valley, CA 92708- 

telephone number: (714)979-8040 

Chuck Lurie 
TRW 

R4/1036 

One Space Park 

Redondo Beach, CA 90278- 

telephone number: (213)535-7790 


Dr. Tyler X. Mahy 
JAPAN U.S. Government 
c/o OTS 

Washington, DC 20505- 
telephone number: (703)874-0739 

Dr. Arnold Maier 
MBB/ERNO 

Huenefeldstrasse 1 
Bremen, 2800 
W. Germany 

telephone number: (494)215-3944 

Don Mains 
NWSC 

Nauwpnsupp Center 

Code 3056 

Crane, IN 47522- 

telephone number: (812)854-1299 

Paul A. Malachesky 
The Aerospace Corporation 
P.O. Box 92957 
MS M4/988 

Los Angeles, CA 90009-2957 
telephone number: (213)336-0572 

Michelle Manzo 
NASA/Lewis Research Center 
21000 Brookpark Road 
MS 309-1 

Cleveland, OH 44135- 
telephone number: (216)433-5261 

Sue Maras 
NASA/GSFC 
Code 711.1 

Greenbelt, MD 20771- 
telephone number: (301)286-7043 

Suzanne Maras 
NASA/GSFC 
Code 711.1 

Greenbelt, MD 20771- 
telephone number: (301)286-7043 

Lynn Marcoux 

Marcoux Engineering, Inc. 

1631 Garland 

Tustin, CA 92680- 

telephone number: (714)544-0495 


November 1-3, 1988 


449 


N. Margalit 

Tracor Battery Tech Center 
4294 Mainsail Drive 


Burke, VA 22015- 
telephone number: 


(301)251-4881 


Dean w. Maurer 
AT & T/Bell Labs 


Rm IE 223 

600 Mountain Ave. 

Murray Hill, NJ 07 ^oi ) 582-'237 
telephone number: (201)582 -28/ 


Greg McDonald 
MCI 


P.O. Box 291 

Clarksburg, MD 20871- .... , Anp 
telephone number: (301)540-5409 


Lee Miller 

Eagle-Picher Industries, Inc. 


P.O. Box 47 
Joplin, MO 64802- 
t e lephone numbe r : 


(417)623-8000 


Tom Miller 

NASA/Lewis Research Center 
21000 Brookpark Rd 
MS 500-222 


Cleveland, OH 44135- 




John C. Moore 
U.S. Air Force 


HQ SD/CNDAST 

2400 EL Segundo Blvd. 

El Segundo, CA 92960-2960 


Arthur A. Menichiello 
The Aerospace Corporation 


MS M4/988 

P.O. Box 92957 

Los Angeles, CA 90009-2957 

telephone number: (213)336-8269 


George Methalie 
2120 Natahua Ct. 
Falls Church, VA 
telephone number: 


(703)533-1499 


George Morrow 


NASA/GSFC 
Code 711.2 

Greenbelt , 
telephone 


MD 20771- 

number: (301)286-6691 


Kevin Moscatiello 
GE American Communications 
95 Edsall Drive 
Sussex, NJ 07461- 
telephone number: 


( 201)827-7900 


John R. Meyer 

John Hopkins University/APL 
Room 23-210 
John Hopkins Road 
Laurel, MD 20707- 
te lephone number: 


(301)953-5000 


Vernon Mielke 


NASA/GSFC 

Code 711.1 

Greenbelt, 

telephone 


MD 20771- 

number: (301)286-8477 


Lvid Nawrocki 
>ckheed 

► 35 Pasgo Olivos 
m Jose, CA 95130- 


Scott A. Numbers 
NASA/Lewis Research Center 
21000 Brookpark Road 


MS 501-4 

Cleveland, OH 44135- 
telephone number: (216)433-2335 


Gene J. Miller 

John Hopkins University/APL 


Rm 23-210 
John Hopkins Road 
Laurel, MD 20707- 
te lephone number: 


(301)953-5000 


: . Masatomo Ohtaki 
Ltsui & Co. (U.S.A.), Inc. 

)0 Park Ave. 

2 W York, NY 10166-0130 
^lephone number: (212)878-4316 


450 


NASA/GSFC Battery Workshop 



Mr. D. J. Oldham 
British Aerospace pic. 

Argyle Way 
Stevenage 
Hertfordshire , 

foreign exchange: 0-438736952 

Burton Otzinger 
Rockwell International 
2600 Westminster Blvd. 

P.O. Box 3644 

Seal Beach, CA 90740-7644 

telephone number: (213)594-3724 

George Pack 

Lockheed Missiles & Space Co, Inc 
P.O. Box 3504 
62-12 B551 

Sunnyvale, CA 94088- 
telephone number: (408)743-7248 

Paul E. Panneton 

John Hopkins University/APL 

Room 23-210 

John Hopkins Road 

Laurel, MD 20707- 

telephone number: (301)953-5000 

Robert E. Patterson 
TRW 

One Space Park 
R5/2241 

Redondo Beach, CA 90278- 
telephone number: (213)813-0502 

Eugene Pearlman 
G.E. ASD Division 
P.O. Box 800 

Princeton, NJ 08543-0800 
telephone number: (609)426-3349 

Dr. D. F. Pickett 

Hughes Aircraft Company 

P.O. Box 92919 

Bldg. S41 , MS A135 

Los Angeles, CA 90009- 

telephone number: (213)648-2128 

Guy Rampel 
Gates Energy 
P.O. Box 114 
Gainsville, FL 

telephone number: (904)462-3698 


Margaret A. Reid 
NASA/Lewis Research Center 
21000 Brookpark Rd 
MS 309-1 

Cleveland, OH 44135- 
telephone number: (216)433-5253 

Robert N. Richards 

Martin Marietta Astronautics 

P.O. Box 179, MS 8041 

Denver, CO 80201- 

telephone number: (303)977-3828 

Paul Ritterman 
COMSAT 

2250 E. Imperial HWY 
El Segundo, CA 90245- 
telephone number: (213)416-9106 

Dr. Howard H. Rogers 

Hughes Aircraft 

P.O. Box 92919 

Bldg. S41 , MS A315 

Los Angeles, CA 90009- 

telephone number: (213)648-0480 

Teresa M. Romanofsky 
NASA/Lewis Research Center 
21000 Brookpark Road 
Cleveland, OH 44135- 
telephone number: (216)433-5363 

Gilbert L. Roth 
NASA Headquarters 
Code Q-l 

Washington, DC 20546- 
telephone number: (202)453-8971 

Frank J. Scalici 
INTELSAT 

3400 International Dr. NW 
Box 34 

Washington, DC 20008- 
telephone number: (202)944-7353 

Dave Schmidt 
Gates Aerospace Batteries 
P.O. Box 2520 
Gainesville, FL 32602- 
telephone number: (904)462-3557 


November 1-3, 1988 


451 


jack Schmidt 

GE American Communications 


95 Edsall Drive 
Sussex, NJ 07461- 
telephone number: 


( 201)827-7900 


Jean-Pierre Schultze 


SAFT 

156 Avenue De Metz 
93230 Romanville - 
telephone number: 
fax number: (1 ) 


FRANCE 

( 331 ) 484-3936 


Norm Schulze 


NASA /HQ 
Code QP 
Washington 
telephone 


, DC 20546- 

number: (202)453-2763 


Ken Schwer 

McDonnell Douglas Astronautics 

Dept. E468 , Bldg. 107, LV.2 

Post CIO 

p.o. Box 516 

St. Louis, MO 63166- 

telephone number: (314)233 2366 

Willard R. Scott 
TRW 

One Space Park Drive 
MS R5/2241 

Redondo Beach, CA 9021S- 
telephone number: (213)535 06 /u 

John Serlemitsos 

NASA/GSFC 

Code 713.1 

Greenbelt, MD 20111- -,,-e 

telephone number: (301)286-5255 


Dick Shaw 

Martin Marietta Astronautics 


P.O. Box 179 
MS 0 5 3 3 

Denver, CO 80201- 
telephone number: 


(303)977-3726 


Tamotsu Shirogami 
Toshiba Corporation 
Komukai Works 
1 Komukai -Toshibacho 
Saiwai-ku, Kawasaki, 

_ i _ . . mVk i-i V- * ( fV 


JAPAN 


Saiwai-Ku, 

telephone number: (044)548-5253 


Jack Sindorf 
Johnson Controls 
P.O. Box 591 

Milwaukee, WI 5320 }‘ ,-404 

telephone number: (414)961 6494 


A. B. Singh 
MDAC 

7375 Executive Place 
Seabrook, MD 20706- 


john J. Smithrick 
NASA/LeRC 

21000 Brookpark Road 


M/S 302-1 
Cleveland, 


OH 44135- 








Thomas Spitzer 
NASA/KSC 
CS-EED-32 
Kennedy Space Ctr 
telephone number : 


, FL 32899- 
(407)867-3690 


D. Srinivas 

CONTEL . , 

1300 Quince Orchard Blva. 
Gaithersburg, MD 20874- 

/ -im \ 


\ ft ji A <4 Q Q H 


r. Stearns 

G.E. Astro Space Division 


Box 8555 

Philadelphia, PA 191J1" 
telephone number: (215)354-2027 


Joseph Stockel 
U.S. Government 
5910 Granby Road 
Derwood, MD 20855- 
telephone number : 


(703)351-2065 


S. Subbarao 

Jet Propulsion Laboratory 
4800 Oak Grove Drive 
Pasadena, CA 91109 7 Q1Q ^ C . 


Ralph M. Sullivan 

John Hopkins University/APL 


Room 23-210 
John Hopkins Road 
Laurel, MD 20707- 
telephone number: 


(301)953-5000 


452 


NASA/GSFC Battery Workshop 



David Surd 
Catalyst Research 
3706 Crondall Lane 
Owings Mills, MD 21117- 
telephone number: (301)356-2908 

William A. Swartz 

John Hopkins University/APL 

Room 23-210 

John Hopkins Road 

Laurel, MD 20707- 

telephone number: (301)953-5000 

Larry Swette 
Giner, Inc. 

14 Spring Street 
Waltham, MA 02254-9147 
telephone number: (617)899-7270 

Mike Takao 

Sanyo Energy Corporation 
200 Riser Road 
Little Ferry, NJ 07643- 
telephone number: (201)641-2333 

Shirogann Tamotsu 
Toshiba 

1 Komukal Toshiba-Cho 
telephone number: (044)548-5253 

Larry Thaller 
NASA/LeRC 

21000 Brookpark Road 
Cleveland, OH 44135- 
telephone number: (216)433-6146 

Peter C. Theisinger 
Jet Propulsion Laboratory 
4800 Oak Grove Drive 
Pasadena, CA 91109- 
telephone number: (818)354-6094 

fts number: (818)792-6094 

H. E. Thierf elder 

G.E. Astro Space Division 

Box 8555 

Philadelphia, PA 19101- 
telephone number: (215)354-2027 

Jamin Thierry 
CNES 

1st Avenue Edouard Belin 
31055 Toulouse Cedex 
telephone number: (612)749-38 


William Thompson 
NASA/ GSFC 
Code 711.1 

Greenbelt, MD 20771- 
telephone number: (301)286-8014 

Sid Tiller 
NASA/ GSFC 
Code 711.2 

Greenbelt, MD 20771- 
telephone number: (301)286-6489 

Paul J. Timmerman 
Jet Propulsion Laboratory 
4800 Oak Grove Drive 
227-212 

Pasadena, CA 91109- 

telephone number: (818)354-5388 

Lawrence Tinker 
Gates Aerospace Batteries 
P.O. Box 2520 
Gainesville, FL 32602- 
telephone number: (904)462-3557 

Hariharan Vaidyanathan 
COMSAT Laboratories 
22300 Comsat Drive 
Clarksburg, MD 20871- 
telephone number: (301)428-4503 

H. Van De Walle 

SPAR Aerospace Limited 

21025 Trans-Canada Highway 

Ste Anne De Bellevue, 

telephone number: (514)457-2140 

Kunigahalli L. Vasanth 
Naval Surface Weapons Center 
10901 New Hampshire Ave. 

Silver Spring, MD 20903-5000 
telephone number: (202)394-3549 

Jean Verniolle 
ESA 

P.O. Box 299 
2200 AG Noordwijk 
The Netherlands 

telephone number: (311)719-8386 
fax number: (8 ) 


November 1-3, 1988 


453 



Donald C. Verrier 
TRW 

M/S R4-1112 

1 Space Park 

Redondo, CA 90278- 

telephone number: (213)535-2354 

Michael Viens 
NASA/ GSFC 
Code 313 

Greenbelt, MD 20771- 
telephone number: (301)286-2049 

Stephen P. Vukson 
US Air Force 

Aero Propulsion Laboratory 
AFWAL/POOS-2 

Wright-Patterson AFB, OH 45433- 
telephone number: (513)255-5461 

Harry Wajsgras 
NASA/ GSFC 
Code 711.1 

Greenbelt, MD 20771- 
telephone number: (301)286-6158 

Ray L. Walchle 

U.S. Food & Drug Administration 
12720 Twinbrook Parkway 
HFZ-141, Rm 164 
Rockville, MD 20857- 
telephone number: (301)443-2536 

Richard Walrhvn 

Fairchild Space Company 

4403 Worchester Drive 

Dale City, VA 22193- 

telephone number: (202)767-9075 

Harry Wannemacher 
NASA/ GSFC 
Code 711.1 

Greenbelt, MD 20771- 
telephone number: (301)286-5914 

Capt. Alexander J. Webster 

US Air Force 

AFAL/VSSP 

Edwards AFB, CA 93523-5000 
telephone number: (805)275-5928 

Irwin B. Weinstock 
Catalyst Research 
3706 Crondall Lane 
Owings Mills, MD 21117- 
telephone number: (301)356-2400 


Ralph white 

Texas A&M University 

Dept, of Chemistry/ Eng. 

C. Station, TX 77843- 
telephone number: (409)845-3307 

Richard V. Whiteley 

Pacific University 

Chemistry Depart 

Pacific University 

2043 College Way 

Forest Grove, OR 97116- 

telephone number: (503)357-6151 

Brenda Wolfe 

Eagle-Picher Industries, Inc. 

3820 South Hancock 

Expressway 

Colorado Springs, CO 80911- 
telephone number: (719)392-4266 

Clifford L. Wooten 

Conte 1 ASC 

P.O. Box 370687 

Decatur, GA 30037- 

telephone number: (404)244-2300 

Thomas Yi 

NASA/ GSFC 

Code 711.2 

Greenbelt, MD 20771- 

telephone number: (301)286-3051 

R . F . Youngblood 

GE American Communications 

95 Edsall Drive 

Sussex, NJ 07461- 

telephone number: (201)827-7900 

Dr. Albert H. Zimmerman 
The Aerospace Corporation 
M2-275 

P.O. Box 92957 

Los Angeles, CA 90009- 

telephone number: (213)336-7415 

Dr . von Benda 

DEUTSCHE AUTOMOBILGESELLSCHAFT MBH 
POB 85 

D-7300 Esslingen-Mettingen 
W- Germany 

telephone number: (071)117-4601 
fax number: (0 ) 


454 


NASA /GSFC Battery Workshop 



